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ABSTRACT
A comprehensive set of experiments is conducted on 
damaged steel plates and rolled shapes which have been 
subjected to heat straightening. Effects of the repair 
process on the tensile properties and residual stresses 
in the repaired steel are experimentally determined for 
the first time. Based on the results, rational decisions 
can be made concerning the use of heat straightening and 
its limitations.
For the first time in a laboratory setting, heavily 
damaged plate elements and rolled shapes are repetitively 
subjected to vee heat applications to produce desired 
straightening. Movements resulting from each heat 
application are recorded and provide an adequate database 
for modifying existing equations which have been used in 
the past to predict such movements for plates only. The 
relationship between movements in rolled shapes and plates 
is analytically established and experimentally verified.
Results show that conclusions drawn from studies on 
undamaged specimens should not be assumed to apply to 
damaged specimens. This is especially true in the studies 
of residual stresses and movements resulting from vee 
heats on wide flange shapes. Also, tensile properties of 
the steel can differ from those found in undamaged plates,
xvii
depending on how many times a member has been damaged and 
repaired using heat straightening.
Other important results of the research include 
scientifically based suggestions regarding the use and 
limitations of heat straightening. These suggestions 
include the following topics: Degree of damage,
repetitive damage, and detrimental effects on steel 




The "art" of heat straightening has been applied by 
experienced craftsmen for over 50 years as a method of 
repairing damaged steel. Early references described the 
basics of heat straightening (Holt 1938) . In recent 
years, progress has been made toward making heat 
straightening more of a science than an art (Shanafelt and 
Horn 1984; Roeder 1985; Avent and Fadous 1988). This 
progress has been most beneficial in helping to predict 
the response of steel subjected to the heat straightening 
process, in terms of movements and material properties. 
However, many questions remain regarding this process, its 
limitations, and its effects on the steel.
The majority of recent heat straightening research 
has focused on the repair of plate elements damaged about 
their strong axes. The heating pattern used to correct 
such damage is the vee or triangular heat (to be explained 
below). Emphasis has been placed mainly on determining 
plate movements resulting from individual heats, with 
almost all of the heats (experimental and theoretical) 
being applied to undamaged steel specimens, as opposed to 
damaged ones.
1
Background on Heat Straightening
The concept of heat straightening is relatively 
simple. Heat applied (usually by a torch) to damaged 
steel in a specific pattern will cause the steel to 
undergo permanent deformation in a desired direction. The 
heating process must be applied in various patterns and at 
various locations along a damaged member to produce 
straightening. Although heating alone may be used to 
straighten a bent member, loads may also be applied to 
increase the efficiency of the process. These loads are 
usually kept low enough to not cause hot mechanical 
straightening (Avent 1990).
Many types of heating patterns exist, such as the 
spot, line, strip, and edge heats. However, the vee heat 
is the most basic pattern used to straighten strong axis 
bends in steel plate elements. As seen in Figure 1, a 
typical vee heat starts with a very small spot heat 
applied at the apex of the vee-shaped area using an oxy- 
acetylene torch. When the desired temperature is reached 
(usually around 1200°F for A36 steel), the torch is 
advanced progressively in a serpentine motion toward the 
base of the vee. The cool material adjacent to the heated 
area resists the normal thermal expansion of the steel in 
the longitudinal direction. As a result, the heated 
material will expand through the thickness of the plate.
At the completion of the heat, the entire heated area is 








Figure l. Illustration of vee heat
u>
steel cools, the material contracts longitudinally to a 
greater degree than the expansion during heating. Thus, a 
net contraction occurs which produces bending in an 
initially straight member, or straightening (if the plate 
is bent in the opposite direction to that of the movement) 
(Avent and Fadous 1988).
The various heating parameters of a vee heat are 
simply defined. Applied loads are classified in terms of 
a load ratio (LR), the ratio of the moment present at the 
center of the vee, M, to the plastic moment capacity, Mp , 
of the cross-section in the direction of desired movement. 
Depth ratio (DR) is the ratio of the vee depth, dv , to the 
plate width, w. The amount of permanent deformation 
experienced in the plate element is classified as a 
plastic rotation, <J) (Figure 1), determined from the plate 
geometry before and after each heating/cooling process.
Rolled shapes consist essentially of plate elements. 
Therefore, the vee heat can also be utilized to produce 
movement in these shapes. Figure 2 shows the basic 
heating pattern used to produce movement in the weak axis 
direction of a wide flange shape (referred to as Category 
W). First, the vee heats are applied to the flanges in 
the same manner as for plates, and then the rectangular 
heat is applied to allow for contraction in the web.
Figure 3 shows the pattern used for strong axis bending 
(known as Category S). In this case, the vee heat is 
first applied to the web, and the rectangular heat is then
5
Figure 2. Heating configuration for Category w wide flange
Figure 3. Heating configuration for Category S wide flange
applied to the flange at the open end of the vee.
Different patterns used for heating angles and channels 
are shown in Chapter IV.
Literature Review
The study of heat straightening has developed 
significantly over the past half-century. An early 
reference (J. Holt 1938) on the subject outlined the 
procedures necessary for straightening damaged steel of 
various configurations. These general procedures were 
used for many years, as evident in later references (J. 
Holt 1955; R. Holt 1965, 1971). Little scientific 
emphasis was placed on the heat straightening process or 
its effects.
Over the years, several studies were conducted to 
answer the many questions regarding the use of heat 
straightening, its effects, and its limitations. The 
culmination of these studies were two recent comprehensive 
reports regarding heat straightening. The first report 
(Shanafelt and Horn 1984) addressed the general damage 
assessment of structures with a rational approach to using 
heat straightening as one of many repair alternatives.
The second report (Avent and Fadous 1988) was geared more 
toward optimizing the use of heat straightening, once the 
decision is made to use it.
Shanafelt and Horn's report was the first to discuss 
the subject of damage limitations regarding the use of
heat straightening, although no evidence was presented to 
support their suggestions. Guidelines were given for 
damage inspection and measurement, along with the 
rationale behind choosing a repair procedure based on the 
measurements. General structural characteristics of steel 
{strength and fatigue) were incorporated into the decision 
making process concerning proper locations at which heat 
straightening should be applied.
The report by Avent and Fadous focused on the 
behavior of steel when subjected to variations in heat 
straightening applications, i.e., temperature, load ratio, 
plate dimensions, etc. Conclusions were based on a number 
of experiments (approximately 483 heats were applied to 
various plates and rolled shapes). Theory regarding 
plastic rotations in plates from past studies (Holt 1971; 
Weerth 1971; Horton 1973) was expanded using the vast 
amount of experimental data.
Avent and Fadous also utilized experimental data 
obtained by Roeder (1985) where 68 plates were heated 
(using vee heats) as well as a few wide flange beam 
specimens of various sizes. Roeder also conducted actual 
strain measurements within the vee heated area, and 
formulated a finite element program to model residual 
strains and residual stresses resulting from a single vee 
heat on an undamaged plate element.
Roeder's plastic rotation data were highly 
influential in the development of the most recent equation
to predict plastic rotations based on variations in vee 
heat applications. This equation, presented by Avent and 
Fadous (1988), was primarily the result of experiments 
conducted by Boudreaux (1987). For this reason, it is 
referred to by the author as Boudreaux's equation.
Only a minimal amount of damage repair on actual 
bridges has been conducted for which measurements were 
recorded, analyzed, and published. In fact, the only 
known example of such a study on an existing bridge was 
conducted by Moberg (1979) on the Bothell Bridge in the 
state of Washington. To provide a controlled atmosphere 
for studying full-scale bridge members, the Heat- 
Straightening Evaluation and Testing (HEAT) facility was 
constructed at Louisiana State University (Avent and 
Fadous 1989). This facility allows for the damage and 
repair of large wide flange sections resembling actual 
bridge girders (including composite members), without the 
hassle of traffic control. Research is being conducted at 
the HEAT facility in conjunction with this report.
It should be noted that the earlier publications by 
Weerth and Horton provided the foundation for Roeder's 
work at the University of Washington, in terms of 
establishing methodology of heating and measuring the 
specimens. Thus they were very important in establishing 
heat straightening techniques used by Boudreaux, Avent and 
Fadous, as well as the author. Moberg provided excellent 
summaries in the Literature Review of his Masters thesis
of all the important early work conducted (before 1980) in 
the field of heat straightening. For a logical and 
comprehensive presentation of the most important aspects 
of heat straightening, the reader should refer to Avent 
(1990).
In summarizing the previous literature, it is evident 
that certain areas of research are lacking concerning the 
use of heat straightening. Some of the most important 
points are as follows:
1. Almost all studies have been conducted on 
initially straight specimens, with only one to four heat 
applications per specimen.
2. No experimentally measured residual stresses have 
been published for heat-curved or heat-straightened steel.
3. The few theoretical residual stresses in various 
references have been contradictory, even for the most 
simple plate elements.
4. Material properties of damaged steel repaired by 
heat straightening has never been studied, and their is no 
evidence to suggest that they would be the same as for 
undamaged steel subjected to the same process.
5. No experimental or theoretical rationale has been 
used to establish general damage limits on the use of heat 
straightening.
6. No one has adequately addressed the subject of 
repetitive damage to a heat-straightened member.
7. Little analytical work has been done to predict 
plastic rotations in a wide variety of rolled shapes.
8. Damage classification has been vague in past 
studies.
Purpose and Objectives
The lack of adequate research in the area of actual 
damage repair using heat straightening has led to many 
questions concerning its use. The purpose of the author's 
research is to answer some of the most pressing questions, 
primarily in the areas of damage classification, damage 
limitation, residual stresses, and changes in the material 
properties of damaged steel subjected to the process of 
heat straightening. Specifically, the following 
questions, frequently asked by those involved in heat 
straightening, are addressed:
1. How does the degree of member damage affect the 
heat straightening process?
2. How should damage be classified?
3. Is there an upper limit on the amount of damage 
that a steel member may undergo and still be heat- 
straightened?
4. How many times can a member be damaged and heat 
straightened?
5. What are the residual stresses resulting from 
heat straightening?
6. What changes in material properties are exhibited 
by steel that has been damaged and heat straightened?
7. Can an analytical equation be developed to relate 
movements in heat straightened rolled shapes of all types 
to plate movements.
8. What results from heat curving studies can be 
applied to heat straightening.
The many variables and uncertainties regarding heat 
straightening have rendered the subject very difficult to 
approach from a theoretical viewpoint, although this has 
been attempted with varying degrees of success using the 
most elementary cases of undamaged specimens. Therefore, 
it was deemed necessary that the major thrust of the 
author's research be experimental, with appropriate 
analysis being conducted using the obtained data. The 
experiments, designed to answer the above mentioned 
questions, are outlined below, after a brief introduction 
to the subject of heat straightening and literature 
review.
Scope of investigation
The research presented herein was conducted at the 
structures laboratory in the Center for Engineering and 
Business Administration (CEBA) at Louisiana state 
University. These laboratory experiments are only a 
portion of a larger research project conducted under
funding from the Federal Highway Administration through 
the Louisiana Transportation Research Center.
The laboratory experiments performed are classified 
into five general categories:
1. Undamaged Plates.
2. Damaged Plates.
3. Angles and channels (includes undamaged and 
damaged specimens).
4. Undamaged Wide Flange Beams.
5. Damaged Wide Flange Beams.
Individual chapters are devoted specifically to each of 
the above categories, presenting the reasoning behind each 




Several previous studies have been conducted on the 
behavior of initially straight plate elements subjected to 
the heat straightening process (actually heat curving), 
using the vee heat. These studies have included 
theoretical analyses of plastic rotations and residual 
stresses in undeformed steel plate elements (Weerth 1971; 
Roeder 1985). Actual experiments have also been completed 
(Weerth 1971; Roeder 1985; Avent and Fadous 1988), with 
geometric measurements being taken to determine plastic 
rotations. Material property tests have been conducted on 
heat curved steel plates (Nicholls and Weerth 1972). 
However, experimentally determined residual stresses have 
not been documented for vee heated plate elements. The 
purpose of this chapter is to present measured residual 
stresses in undamaged plates which have been subjected to 
heat curving using vee heats.
Test Setup and Procedure
In order to more clearly understand the residual 
stresses resulting from varying parameters in the heat 
straightening process, a number of experiments were 
conducted on a set of initially straight plates to 
contribute to the previous research in this area. The 4"
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x 1/4" x 24", A36 steel plates were simply-supported 
(using 5/8" bolts) on a stationary frame at a length of 
22" (Figure 4). Each specimen was subjected to four 
heating/cooling cycles (alternating sides to prevent a net 
out-of-plane distortion). Each plate was assigned a 
specific vee angle, vee depth ratio, and load ratio for 
the four heating cycles.
The heating parameters for each of the plates are 
shown in Table 1. Each plate was heated using an oxy- 
acetylene torch (#3 tip) to approximately 1200°F. The 
temperature was measured using an Omega high-temperature 
surface probe and thermometer. The load was applied by 
use of a hydraulic cylinder which produced the desired 
moment at the vee heat location (in this case, at the 
center line of the plate. The bolts used to hold the 
plate were loosely fastened to allow uninhibited plate 
movements. Slots in the frame allowed for any plate 
shortening that might occur.
Residual Stresses
Although residual stresses are often mentioned in 
literature on heat straightening, there has been little 
documented research in this area. Past research was 
conducted in the context of heat curving (not heat 
straightening), and thus is somewhat limited in its 
applicability to heat straightening. Some of the most 
notable research was conducted at the University of
24"
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Figure 4. Experimental plate set-up
Table 1. Heating parameters for undamaged plates.
Plate Vee Angle Load Ratio Depth Ratio
1-1 20 0.00 1.00
1-2 45 0. 00 1.00
1-3 60 0.00 1.00
II-l 20 0. 00 1.00
VI-4 45 0. 50 0.75
VI-6 45 0.00 0.75
VI-10 82 0.50 0.75
VI-12 82 0.00 0.75
Washington (Roeder 1985), where a finite element model was 
developed to predict the local behavior of a plate element 
subjected to a vee heat. Residual stresses were estimated 
using the model. An example of Roeder's residual stress 
distribution is shown in Figure 5.
Experimental research was conducted (Brockenbrough 
1970b) to back up earlier theoretical residual stress 
studies (Brockenbrough 1970a) on heat-curved plate girders 
subjected to line heats. These stresses, determined by 
the "sectioning method" discussed below were reasonably 
consistent with the theoretical values. Similar 
theoretical methods were used on vee-heated plate elements 
(Nicholls and Weerth 1972) and on wide flange beams 
(Horton 1973). However, the results were not supported by 
any experimental data.
The limited information regarding residual stresses 
in heat-straightened steel, necessitated the study of 









Figure 5. Residual stress distribution from finite 
element analysis (Roeder 1965)
experimentally verify Roeder's theoretical stresses from 
his finite element model, and (2) To provide a convenient 
and time saving way (compared to the use of damaged 
specimens) of checking changes in residual stresses 
resulting from variations in the parameters of the heat 
straightening process, i.e., vee angle, vee depth ratio, 
and load ratio. This type of parameter study was not 
possible for damaged specimens, due to the nature of the 
proposed experiments, in which the amounts of damage 
varied instead of the heating parameters.
Longitudinal residual stress patterns in all of the 
plates were determined using the "sectioning method", a 
well-established, but destructive method. This method is 
described as follows: A plate element may be marked in
strips (Figure 6). Two gage holes (diameter =
0.0625", approx. depth = 0.20"), separated by a measured 
distance (in this case, approximately four 4 inches), are 
drilled along the center of each strip. The exact 
distance is measured to the nearest hundred thousandth of 
an inch, using an extensometer. Eight strips of 
approximately one-half inch width are cut from the 4-inch 
deep plate, and the distance between the two gage holes 
(along the center line of each strip) is remeasured.
The difference between the final and initial gage 
readings indicates that residual stresses were present in 
the strip before cutting. A positive change indicates a 
compressive stress, and a negative change indicates a
1/16” Gage Holes
Figure 6. Strip configuration for sectioning method
tensile stress. The stresses are computed by dividing the 
net change in length by the initial gage reading (to 
obtain strain) and multiplying by the modulus of 
elasticity of the material, changes in temperature are 
taken into account by utilizing measurements of a standard 
gage length on a steel rod which changes depending on the 
temperatures during the initial and final strip 
measurements, respectively. The procedure was applied to 
both sides of the strip, and an average was taken. The 
computed stress indicates the average residual stress 
present in the entire strip within the 4-inch gage length. 
Residual stresses have been shown to be relatively uniform 
throughout the thickness of thin plate elements (SSRC 
1976).
First, an unheated plate (Plate UH) was tested for 
residual stresses to provide the basis for determining 
changes brought on by the vee heats. Stresses found in 
each strip are shown in Table 2 and plotted in Figure 7. 
The values are fairly low and the distribution compares 
reasonably well in shape with standard residual stress 
assumptions, values of 0.3 o y (compression in the edges 
and tension in the center of the plate, distributed 
parabolically or linearly), are commonly used in 
predicting buckling behavior of plate elements.
The stresses in Plate UH were somewhat lower than the 
conservative predicted values. Similar low values were 
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Figure 7. Residual stresses in unheated plate (Plate UH)
Table 2. Experimentally determined residual stresses 
in an unheated specimen (Plate U H).









components of thin-web welded H columns (before welding). 
In this study, several types of plate edges were studied 
(rolled, sheared, and slit and coiled). All of the plates 
in the current study have rolled edges, and the stresses 
in Plate UH most closely matched the rolled-edge example 
used by Avent and Wells (see also Avent and Wells 1979).
The residual stresses found for the heated undamaged 
plates led to the following observations:
1. A distinction can be made by classifying "small 
vee angles" as those being less than or equal to 60 
degrees, and "large vee angles" as those greater than 60 
degrees. These two categories have significantly 
different magnitudes of residual stresses. The averages 
of all plates within each category are shown in Figure 8. 
The smaller vees exhibited considerably higher compressive 
stresses. Residual stress values for each plate are shown 
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Figure 8. Average residual stresses resulting from vee heats
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2. The residual stress patterns in all of the plates 
were similar in shape to Roeder's theoretical distribution 
(Figure 5), where normalized values were used.
3. When comparing individual plates, it was found 
that the two parameters of load ratio and depth ratio, 
when considered separately, have no significant effect on 
the residual stress pattern.
4. The stress patterns for the practical range of
vees (20 to 60 degrees) consist of stresses which are 
approximately 100 percent larger than regularly assumed 
stresses in fabricated structural plate. The higher 
compressive stresses could be detrimental to column 
behavior associated with inelastic buckling at lower loads 
than normal.
It is reasonable to assume that heat curving is not 
practical for columns, because columns (in most cases) are 
meant to be straight. Nonetheless, the effects of various 
heating parameters on the stress values in undamaged 
plates could be experienced in damaged plates as well.
However, one should consider the effects of heat
straightening on damaged specimens (plates or rolled 
shapes) before making any recommendations for column 
repair using vee heats. This topic is discussed in 
Chapters III for plates and VI for beams.
Table 3. Experimentally determined residual stresses 





strip 1-1 II-l 1-2 VI-6 VI-4 1-3 AVG
1 -24 .47 -22 .70 -23. 96 -23.27 -16 .68 -27. 23 -23 .05
2 0 .11 11 .75 4. 84 5.98 -1 .13 -4 .79 2 ,.79
3 13 .23 18 .71 8. 56 17 .18 8 . 19 10. 15 12 .67
4 17 .11 16 .50 15. 23 18.20 10 .77 16. 31 15 ,.69
5 16 .24 12 .62 14. 29 14 .28 11 .13 17 .18 14 ., 29
6 9 .24 N .R.* 8. 59 9.64 9 .97 18. 63 11 ,.21
7 8 .20 N .R.* 0 . 15 2.00 7 .03 0 . 07 3 ,.49
8 -22 .15 -24 .36 -24 .40 -23 .89 -18 .67 -25 .19 -23 ,.11
★NO reading was taken due to cutting error.
Table 4. Experimentally determined residual 




Strip VI-12 VI-10 AVG.
1 -9 .43 N.R. -9 .43
2 -6.67 -6 .16 -6.42
3 13.27 10.30 11.79
4 16.50 11 .82 14.16
5 11.13 11.53 11.33
6 -1.38 1 .41 0.02
7 -3.63 -2.03 -2.83
8 -11.85 -18.16 -15.00
*No reading was taken due to cutting error.
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Material Properties
Material property studies of undamaged steel plate 
elements subjected to the heat straightening process have 
been conducted in the past (Nicholls and Weerth 1972). A 
summary of all the studies (including rolled shapes and 
various heating patterns) is well documented (Avent 1989). 
Most researchers have stated that the process, when 
applied to undamaged specimens, has little effect on the 
material properties. These studies included a wide range 
of temperatures, types of heating patterns, and different 
types of steel. To avoid repeating past research, material 
property studies conducted by the author were limited to 
damaged specimens for which no previous material property 
information was available. The results are presented in 
Chapter III and VI, for damaged plates and wide flanges, 
respectively.
Conclusions
Using the results from past and present studies of 
undamaged plates, predictions of changes in plate behavior 
(plastic rotations and residual stresses) with respect to 
the changing parameters of vee heat applications can be 
made, similar findings resulting from variations in the 
heating parameters in damaged plates are shown in Chapter 
III, indicating that the relative effects on the behavior 
of undamaged plates are also observed in damaged plates. 
This is important, because an additional variable of
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degree of damage exists in the study of damaged plates.
It is also recognized that the experimental procedures are 
often more difficult and time consuming for damaged plates, 
and repetition of parameter studies already conducted on 
undamaged specimens is not desirable. The study of 
damaged plates is presented in the following chapter.
CHAPTER III
DAMAGED PLATES
A commonly posed question among those involved in 
heat straightening is the following: Is there an upper
limit on the amount of damage that a steel member may 
undergo and still be heat straightened? To answer the 
question of damage limitation, one first must be able to 
define damage. Definitions of this type have been non­
existent or, at best, extremely vague in previous 
literature concerning heat straightening.
In a comprehensive set of guidelines for the 
evaluation and repair of damaged steel bridge members, 
Shanafelt and Horn (1984) developed a method of 
quantifying damage in terms of strain. The following 
equation was used to determine the radius of curvature 
(RC) along the edge of a damaged member:
(LI + L2)2
RC = (Y1 - 2 (Y2 ) + Y 3 ) ........................ (1)
The equation parameters are shown in Figure 9.
In the above reference, the radius of curvature in a 
given damaged member, as calculated using Equation 1, was 
compared to the radius of curvature at the extreme fibers 
of particular cross-section at the point of first 
yielding. The curvature was then expressed as a multiple 
of the yield strain value. Recommendations were made 





Figure 9. Method of establishing curvature from 3 points 
of measurement (Shanafelt and Horn 1984)
straightening should be applied. It was recommended that 
primary tension members having more than five percent 
nominal strain (about 42 times yield strain in A36 steel) 
should not be straightened unless the straightened 
elements were strengthened by additional splice material. 
Also, even if nominal strains were less than or equal to 
five percent, a limit of 15 times the yield strain (the 
strain at which strain hardening approximately begins) was 
placed on primary tension members for strains occurring 
at severe fatigue critical areas (AASHTO stress categories 
lower than C ) .
If severe critical details were present, according to 
the guidelines, the member would need to be strengthened 
with a minimum of 50 percent additional area. This 
minimum addition was based on the simple premise that if 
the member was initially designed for a working stress of 
about 0.5 Fy, the straightened member element could be 
neglected entirely and the maximum stress would not exceed 
Fy.
Using these guidelines, all primary tension member 
areas in severe fatigue critical areas with less than or 
equal to 15 times the yield point strain could be 
straightened. The preceding strain limitations applied to 
primary tension members or primary members with tensile 
areas. No limitation on strain was placed on compression 
members or tension or compression secondary members.
shanafelt and Horn suggested that measuring points 
for curvature be spaced at one-foot intervals. The 
validity of Equation 1 is based on the assumption of 
constant curvature in the region contained within the 
points (see Figure 9). However, in most actual damage 
situations, the damage is more localized, with radius of 
curvature being highly variable throughout the damaged 
region. Therefore, in those cases, the one-foot spacing 
between measurements renders Equation 1 an inaccurate 
method of classifying damage. Also, the value of 15 times 
yield strain constitutes an extremely small bend in a 
plate element about its strong axis. The equation, as 
used, may not portray this fact in certain situations.
In the study of repetitively damaged, single 
curvature beams (as explained further in Chapter VI), it 
was discovered that the total "angle of damage" was a 
better definition of damage than curvature. This 
conclusion originated from the fact that approximately the 
same number of heats were required to straighten two beams 
damaged to the same angle, but with different curvature 
distributions (and different maximum curvatures) (see 
Figure 10). The angle of damage is simply the angle 
formed by the straight portions of the member which are on 
either side of the damaged region. This type of damage 
classification is similar to that used by Moberg (1979) 
during the actual repair of a damaged bridge, of course, 
this definition does not nullify the importance of
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Note: Same angle of Damage.
Different Curvatures.
Figure 10. Variations in curvature for identical angles 
of damage
curvature. Curvature (or strain) is still the most 
logical characteristic for establishing damage limits, 
though not sufficient by itself for damage definition.
Test Setup and Procedure
To help develop guidelines for damage limits, a 
number of deformed plate studies were conducted by the 
author. Table 5 shows the deformed plates which were 
straightened. Shown are their damage classifications, 
maximum strains, and heating parameters used. Each plate 
had dimensions of 4" x 1/4" by 24". They were simply 
supported at 22" and were damaged with a center point 
loading to 4 different degrees of damage (see Figure 11). 
Equation 1 was used, with much smaller intervals (one 
inch) between measuring points. This modification was to 
allow for a more uniform curvature over the span of 
measuring points to more accurately determine the maximum 
strain (in terms of yield) along the bottom edge of the 
plate.
It is obvious from Table 5, that small angles of 
damage represent quite large strains in terms of yield.
It is also evident that strain does not directly vary with 
angle of damage (due to the spreading of the yield zone as 
the angle increases (see Figure 12).
Each deformed plate was straightened, using the 
heating parameters shown in Table 5, in the same manner as 








Figure 11. Plate damaging set-up
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Vees cover entire yield zone.
Figure 12. Vee locations to accomodate entire yield zone
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Table 5. Heating conditions and angles of damage 
(deformed plates.)
Plate Angle of Max Strain Vee Load Vee
Damage (Multiple of Angle Ratio Depth
(deg/millirad) Yield str) (deg) (M/Mp) ratio
XXV-3 6.40 / 111.8 30 45 0. 25 1.00
XXV-4 23 .62 / 412.2 100 45 0.25 1.00
XXV-5 5 . 58 / 97 .4 30 45 0.50 1.00
XXV-6 11.80 / 205.9 80 45 0.50 1.00
XXV-7 18.77 / 327 .6 90 45 0.33 1.00
XXV-8 5.99 / 104.5 30 45 0.50 0.75
XXV-9* 21 .12 / 368.6 80 20 0.50 0.75
XXV-10* 25.06 / 437 .4 90 20 0.50 1.00
XXV-11* 18.21 / 317 .8 100 60 0. 50 0.75
XXV-12* 25 . 02 / 436.7 100 60 0.50 1.00
*The last four• specimens were used just for plastic
rotation data and were not straightened completely (20
heats were applied to each).
cycles required to straighten the plates ranged from 13 
(for XXV-5) to 106 (for XXV-4) as seen in Table 6. The 
vee heat locations varied from heat to heat to insure that 
straightening was achieved throughout the yielded zone 
(see Figure 13).
Plastic Rotations
Almost all of the previous plastic rotation studies 
were associated with undamaged specimens, heated between 
one and four times each. In those studies (Roeder 1985; 
Avent and Fadous 1988), observations were made that the 
plastic rotations in undeformed plates exhibited widely 
scattered values under any given set of heating 
parameters. However, no conclusions could be drawn
* -  6
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Figure 13. spreading of yield zone with increasing angles of damage
Table 6. Summary of plastic rotation data (damaged 
plates).
Plate Number of Mean Plastic Coefficient
Heats Rotation (millirad) of Variation
XXV-3 23 4 .63 0.46
XXV-4 106 3.82 0.70
XXV-5 13 6.94 0.17
XXV-6 35 5 .60 0. 58
XXV-7 58 5 .56 0.45
XXV-8 21 4 .69 0.40
XXV-9 20 3.81* 0.55
XXV-10 20 3.41* 0.44
XXV-11 20 6.43* 1.20
XXV-12 20 6 . 56* 0. 53
*Values converted from actual 1100°F heating temperature
to 1200°F using temperature relationship from previous
heat straightening research.
concerning any trends which might exist in the values of
plastic rotations throughout a straightening process of a 
damaged plate involving more than four heats.
The plastic rotations resulting from each heat 
application on the damaged plates were determined in the 
following manner: A total of 17 points were established
along the bottom edge of the plate. The plates were 
simply-supported (using 5/8" bolts) on a stationary frame 
at a length of 22" (Figure 4 in Chapter II). Prior 
to the initial heating, the vertical distance from each 
point to a straight horizontal datum line was measured 
using dial calipers to the nearest ten-thousandth of an 
inch. After each heat, the distances were remeasured in 
the same manner.
From each set of measurements, linear regression was 
used to establish two straight lines (representing the 
bottom plate edge on each side of the center line of the 
plate, respectively) . The plastic rotation, (J>, is simply 
the change in the angle formed by these two lines, 
resulting from the heating process.
The damaged plate experiments contributed a great 
deal of information concerning plastic rotations. The 
plastic rotations for each individual plate are shown in 
Appendix II. As in previous research, the values 
exhibited a wide scatter. This scatter could be be 
attributed to a number of things, e.g., relative location 
of heat to the previous heat, slight differences in 
temperature, changing residual stress patterns from heat 
to heat, etc. It is highly suspect, although great 
pains were taken to avoid it, that error in measurement 
also contributed to the scatter as a result of out-of- 
plane movement of the plates. However, despite the 
scatter, the large numbers of heats allow for 
statistically more meaningful average plastic rotations to 
be calculated as well as the observance of trends in these 
plastic rotations within an entire straightening process.
A summary of the plastic rotation data for each plate 
is shown in Table 6. The large number of heats on each 
plate reduces the uncertainty in predicting plastic 
rotations. Table 7 shows the average plastic rotations in 
specific heating sequences throughout the straightening
Table 7. Plastic rotations in subsequent heating groups.
Plate A v g . Plastic Rotation in Heat Numbers:
1-3 1-10 11-20 21-30 31-40 41-50
XXV-3 3.62 4.21 4 . 91 ---- ---- ----
XXV-4 2.72 3 .88 3.97 5 .51 4.24 4. 13
XXV-5 7.55 6.71 _ _ _ _ ----
XXV-6 12.67 8.31 5.62 3.84 ---- ----
XXV-7 7 .65 6.34 6.46 3.86 5.45 6.02
XXV-8 5.57 5.56 4.02 ---- ----
XXV-9 6.15 4 . 20 3.43 ---- ----
XXV-10 4.29 3.95 2.86 ---- ---- ----
XXV-11 8.22 6.85 6.00 ---- _ _ _ _ ----
XXV-12 8.11 6.98 6. 14 — — — — -* —  — —  —
51-60 61 -70 71-80 81-90 91-100
XXV-4 2.76 3.92 3.59 3.69 2.73
XXV-7 5 .12 —> — — — — — — — — — — — — — — —
process of each plate. In almost all cases, high plastic 
rotations resulted from the first three heats. However, 
past this point, only slight decreases occurred (most 
notably in plates XXV-9 through XXV-12). These findings 
were further supported in the study of damaged beams, 
where a statistical approach was used to determine that 
plastic rotations did not vary significantly from heat to 
heat after the first few heats (see chapter VI).
Previous plastic rotation equations were based 
(theoretically and experimentally) on vee heats applied to 
straight plate elements only. Since the observation was 
made that in almost all of the damaged plates, lower
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plastic rotations occurred than predicted by these 
equations, further developments of the existing equations 
were made. The most recent comprehensive equation (Avent 
and Fadous 1988) based on Roeder's (1985) and Boudreaux's 
(1987) data is as follows:
4> = 10.5 + 0.00125(T-750)](0.9 + 3.4 M/Mp ) £ p (T) sin(0/2) 
  (2 )
with e p (T) = (.001 T 2 + 6.1 T - 415) 10“6
- [ (-7 20.000 + 4200T - 2.75 T 2) ]
806(500,000 + 1333 T - 1.111 T 2)
where <)> is the plastic rotation in radians, T is 
temperature in °F, M/Mp is the load ratio and 0 is the vee 
angle. e p (T) is the plastic strain at the open end of the 
vee. This equation assumed uniform strain throughout the 
vee width which linearly varied from zero at the vee apex 
to £p (T) at the open end. £p(T) is determined based on 
previous studies of the effects of temperature on the 
yield stress and modulus of elasticity of steel. Equation 
2 reduces to the following at 1150°F and a load ratio of 
0.323:
$ = 2 ep (T)sin(0/2)....................... (3)
The load ratio of 0.323 was determined to be the value at 
which "perfect confinement" exists. Perfect confinement 
is the condition at which thermal expansion of the vee- 
heated area is zero. This is achieved by applying the
maximum load ratio at which the permanent plastic strains 
are not assisted by any hot mechanical straightening). 
Equation 3 represents twice the shortening of half the 
open end of the vee, resulting in the plastic rotation 
(for a detailed derivation see Avent and Fadous 1988).
The experimental data obtained by Roeder and 
Boudreaux were well represented by Equation 2, when 
considered together. However, Boudreaux's data values 
were somewhat lower than Equation 2, and Roeder's where 
somewhat higher. It is not clear why the two researchers 
had significantly different plastic rotations.
An important aspect of Roeder's study was his 
experimental strain measurement. A number of pins were 
attached (in a rectangular grid) to various plate 
specimens in the region containing the vee heated area and 
its nearby proximity. By measuring the horizontal 
distances between the adjacent pins on each row before 
and after heating, a strain contour was established within 
this region. An example strain contour from Roeder is 
shown in Figure 14. The heating conditions for this plate 
were a 45° vee with depth ratio = 0.75, M/Mp = 0.13, and 
T = 1000°F.
A notable characteristic of Roeder's strain contour 
is that almost no strain occurred outside the vee heated 
area. This was expected, and was part of the rationale 
behind past plastic rotation equations. However, the 
assumed uniform strain does not occur along any given
Center of Heated Area 









Figure 14. Experimental strain contour (from Roeder 1985)
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horizontal line (for example, the lower edge of the 
plate). Since Roeder presented only one example strain 
distribution, it is difficult to draw many conclusions, 
especially in regards to the accuracy of the values 
themselves. It should be noted that the plastic rotation 
and strain values in this particular example were 
extremely high compared to the analytical equations used 
at that time. However, it can be concluded that the 
general shape of the contour is relatively representative 
of typical strains, assuming the measurements were 
accurate.
It can be seen in Figure 15 that the majority of the 
deformation in the open end of the vee occurs 
approximately within the inner two thirds of the heated 
region. Thus, assuming that the value of £p(T) reasonably 
represents the strain at the center line (and it should), 
it is reasoned that an "effective" vee angle ( 0 e = 2/3 )
should be used in Equation 2 to more accurately predict 
plastic rotations, thus
<|> = [0.5 + 0.00125(T-750) ] (0.9 + 3.4 M/Mp ) £ p (T) sin(0e/2)
............................................................. (4a)
which is simply







D ista n ce  F rom  C enter Line (B o t to m  Edge)
Figure 15. Strain at open end of vee (derived from Roeder 1985)
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Equation 4b represents the experimental data in the 
current study very well. A comparison of experimental 
values and the theoretical curves from the previous 
equation (Equation 2) and the modified equation (Equation 
4b) are shown in Figures 16 and 17 for two different load 
ratios. Clearly, the data closely match the newer 
equation better than the old one. Also shown are data 
from Boudreaux and Roeder. Boudreaux's data are also 
actually better represented by the modified equation than 
by the old one. Roeder's values are extremely high. 
Although few in number in these plots, Roeder's large 
number of heats at lower load ratios drastically affected 
Boudreaux's equation.
A least squares curve fit of the data represented by 
Figure 16 (see Appendix II) revealed the best effective 
angle to be approximately 30 degrees, when keeping the 
equation in the same form as Boudreaux's. This angle is 
66 percent of the actual vee angle of 45 degrees. In 
other words the effective angle would be 30/45 x 0, or 
0.66 0 , which agrees very closely with the Equation 4b.
From Figure 17, it is apparent that for an angle up 
to about 20 degrees (which is the smallest practical vee 
angle), the Boudreaux equation would be sufficient to 
represent the data. However, within the more practical 
range between 20 and 60 degrees, the modified equation 
would be more applicable. This makes sense, because the 
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Temperature = 1200°F 
Load Ratio = 0.50
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Figure 16. Comparison of old and new data with Boudreaux's equation
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Temperature = 1200°F 
Load Ratio = 0.25
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Figure 17. Comparison of old and new data with Boudreaux's equation 
and the modified equation (1200°F, M/Mp = 0.25)
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practical range of vee angles) does not take into account 
the fact that the relationship between vee angle and 
plastic rotation in the range of large vee angles does not 
follow the same linear relationship. In fact, other 
research has indicated that the amount of increase in 
plastic rotation with vee angle, tends to decrease in the 
range of larger vee angles (Avent and Fadous 1988), 
although this fact was not specifically made apparent.
This trend in plastic rotations at increasingly large vee 
angles is influenced by the nonuniform strains, exhibited 
by Roeder's strain contour. The nonuniformity is not as 
significant in the smaller angles, where the heating 
pattern is more concentrated.
Another cause of the efficiency decrease with 
increase in angle is simply the vee heating concept itself 
coupled with the plate geometry. For example, consider 
the plate shown in Figure 18. Shown are a number of vees 
increasing from zero to 180 degrees (where the entire 
plate would be heated for a full depth vee). At zero and 
180 degrees, vee heats produce no plastic rotation. Thus, 
for a continuous curve to exist for vee angle vs. plastic 
rotation, there must be an increase in plastic rotation 
from zero degrees to some "optimum" vee angle where the 
maximum plastic rotation can exist. This vee angle is 
represented by the dotted lines on Figure 18. It is not 
important to know exactly what the value of this angle is, 





Figure 18. Increasing vee angles from 0 to 180° with "optimum angle" shown
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Once the modified equation for plastic rotation was 
established, it was desirable to see how it compared to 
all of the data, previous and present. Table 8 shows 
Boudreaux's, Roeder's and the current data, along with 
computed values from Boudreaux's and the modified 
equations, for a wide range of heating conditions.
Boudreaux's data averaged approximately 15% lower than the 
original equation, and the total average plastic rotations 
of the damaged plates clearly are better represented by 
the modified equation. Obviously from Table 8, the 
original plastic rotation equation was influenced greatly 
by Roeder's high values.
It is likely that the residual stress distribution 
has some influence on the fact that the plastic rotations 
are greater during the first three heats on a damaged 
specimen. In the study of residual stresses, it was found 
that the stress distribution in a straight plate heated 
four times was similar to that in a damaged plate, 
regardless of the number of heats that were applied to 
straighten it (see section on residual stresses in this 
chapter). Therefore it is apparent that after, at most, 
four heats, the residual stresses "stabilize", as do the 
plastic rotations (when considering average values). It 
should be noted that the trend of higher plastic rotations 
in the initial three heats was also observed in the study 
of damaged wide flange beams and damaged full-scale 
simulated bridge girders.




Roeder * E qn. 3 Boudreaux Damaged 
1st 3 Avg
Eqn (4b)
20 0 ____ 1. 23 1.26 .... .... 0.82
20 .25 ---- 2.41 1.74 ---- --- 1.61
20 .50 --- 3.57 3 .69 4 . 29 3.41 2 .38
45 0 ---- 2.73 2.51 --- 1. 84
45 .25 8.72 5.30 2.47 2.88 3.96 3.58
45 .50 ---- 7 .87 7 .13 11.28 5.58 5 .32
60 0 6.98 3 .56 2.53 .... .... 2 .44
60 .25 8.55 6 .93 4.28 --- 4.74
60 . 50 --- 10.30 6.57 8. 10 6.56 7 .03
82 0 ---- 4.67 3 .43 --- ---- 3.27
82 . 25 10.47 9.08 6.25 --- ---- 6.36
82 .50 — _ _ ~ 13.50 12.68 ---- _ _ _ _ 9.45
*Note : All of Roeder ' s vee heats had depth ratios of
either 0.67 or 0. 75, and all of his values were extremely
high. Some of Roeder's values are for temperatures lower
than 1200°F For example the average value! of 8.72
milliradians for the 45 degree vee (M/Md =0. 25) includes
one value of 8.20 obtained at 975°F and a depth
ratio of 0. 67 .
While temperature, load ratio, and vee angle are 
included in Equation 4b, the depth ratio dv /w is not. In 
previous research (Weerth 1971), statements have been made 
that depth ratio would significantly affect the plastic 
rotations, keeping all other parameters constant.
However, not enough data was available to verify this 
statement. A study was undertaken here to obtain adequate 
data for two depth ratios, 1.00 and 0.75. The heating 
temperature was 1200°F and the load ratio was 0.5 in all 
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Figure 19. Comparing the effect of depth ratio on plastic rotations for
20-, 45-, and 60-degree vee heats on damaged plates
Ulu>
are plastic rotations for 20-, 45-, and 60-degree vees for 
both 0.7 5 and 1.00 depth ratios. As is evident, vee depth 
ratios of 0.75 and 1.00 do not differ significantly.
Thus, within this range of depth ratios, there is no need 
to account for vee depth in the equation. Weighted 
averages (with respect to the number of heats) of the data 
represented by Figure 19 are presented in Table 9.
Statistical Study of Plastic Rotations
The primary purpose of predicting plastic rotations 
is to determine the number of heats required to straighten 
a given damaged specimen. If the total damage were 
divided by the average plastic rotation, an estimate of 
number of heats would be obtained. However, statistically 
speaking, it is more desirable to know the reliability 
behind such predictions. Because of the random nature of 
plastic rotation as a variable, using the simple average 
does not indicate reliability.
To achieve statistically reliable predictions, a 
detailed study of the experimental plastic rotations was 
conducted (deBejar, et. al 1991) using the author's data. 
Simple engineering predictors based on the linearized 
theory of reliability were derived using the uniform value 
of a preselected target reliability index. Two different 
forms of the predictor were formulated, based on whether 
or not the principal statistics of the process for the 
subject specimen are known. These models were
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Table 9. Effect of depth ratio on plastic rotations.
Vee Angle Plas. Rot. Plas. Rot. Weighted
(degrees) 3/4-depth vee full-depth vee Average
(millirad) (millirad) (millirad)
20 3.81 (20) 3.41 (20) 3.61
45 4.69 (21) 5.96 (48) 5.58
60 6.43 (20) 6.56 (20) 6 .50
*Note: All values are for 0. 5 load ratio at 1200°F.
(The number of heats are shown in parentheses) •
theoretically verified by a separate model using spectral 
analysis in the frequency domain.
The reliability model, using the principal statistics 
of a sample specimen is
N = k ± + R Vi^I (5)
where N is the number of heats required, R is the target 
reliability index, =<l>D/mi ( <|>d is the angle of damage 
in milliradians), and is the coefficient of
variation of the plastic rotations in the sample.
For a case where no data is available a simple 
engineering predictor for N was formulated:
N = a Kx + 0.77X
far J k 2 (6 )
where X =*J§ n, ( <J> d in milliradians), K1 = 1 + 1/a , and 
K2 =tjI + a / 7 , if 1 <.7/2 <. int(a); or K1 = k2 = 1, 
otherwise; a = 0.5 Mp/Me is one-half of the reciprocal of
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the load ratio; Y is the closest integer representing the 
number of times that 6-degrees (104.72 milliradians) is 
contained in specified damage angle, <J> D ; and int is an 
operator returning the integer part of a real number.
Equation 6 was slightly modified for plate XXV-8 
(due to its 0.75 depth ratio), although it has been shown 
above that, in general, there is no significant difference 
in the plastic rotations for this depth when compared to 
full depth vees. The modification yielded the following 
equation:
5 xN = _____  . (1 + 0.77 5X)  (7)
2
where 8 = 0.7 5 is the vee depth ratio.
Table 10 shows the results of the study when compared 
to the actual number of heats required to straighten the 
plates. It should be noted that numbers are slightly 
greater than the actual number of heats applied to the 
experimental plates because, in all cases, the plates 
would have required about two more heats to be completely 
straightened. Shown in Table 10, the values for each of the 
analytical models were close to each other, and with the 
actual number of heats. Also shown is the number of heats 
required if every heat produced the exact value computed 
by the most recently modified plastic rotation equation 
(Equation 4b). In all but one case (XXV-7), the newly 
modified plastic rotation equation has excellent agreement
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Table 10. Comparison of deBejar's results with modified 
equation.
Number of heats required to straighten the specimen.
Reliability Spectral Modified Actual
Theory Analysis Equation N o . of





































*Adjusted for complete straightening using average of all
plastic rotations for that specimen.
**Equation 7 was used instead of Equation 6.
with deBejar's values. It should be noted that the data 
for plate XXV-7 seemed to be out of step with the rest of 
the plates, possibly due to faulty readings on the 
pressure gauge on the hydraulic cylinder.
Residual Stresses
Average residual stresses were determined by the 
sectioning method for three different regions on the 
damaged plates: Regions A, B, and C (see Figure 20). In 
studying the residual stresses of the plates after 
straightening, the following observations were made:
1. By classifying the plates in groups of small 
degree of damage (angle of damage = 6 degrees) and large 








Figure 20. Regions A, B, and C for residual stress measurements
these two groups experienced slightly different residual 
stress patterns. These classifications are logical when 
considering strains, with the small degree of damage 
classification exhibiting approximately 30 times yield 
strain, and the larger degrees of damage 80 to 100 times 
yield strain. The less damaged plates experienced larger 
stresses in region B, and lower stresses in regions A and 
C, when compared to the more damaged plates, where the 
stresses were relatively uniform (for each strip) in all 
three regions (see Figures 21 through 23). This is 
probably a result of a more uniform strain distribution 
caused by the spreading of the yield zone. Values for the 
two separate categories are shown in Tables 11 through 14. 
The stresses were computed at using (1) the commonly 
assumed value of E = 29,000 ksi for modulus of elasticity 
(at Regions A, B, and C), and (2) the measured values 
obtained from the tensile tests (at Region B only) (see 
section on material properties). It should be noted that 
some of the gage holes were destroyed in the stripping 
process, thus rendering the strips unreadable. Stress 
distributions for each individual plate are shown in 
Appendix III.
2. As in the undamaged plates, load ratio and depth 
ratio, individually have no apparent effect on the residual 
stress patterns. It is likely that the same effects of 
vee angle on residual stresses found for the undamaged 
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Figure 21. Residual stress distribution for Region B (estimated
modulus of elasticity of 29,000 ksi)
Damaged Plates (Region B)
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Figure 22. Residual stress distribution for Region B (moduli of
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Residual stress distribution for Regions A and c
(estimated modulus of elasticity of 29,000 ksi)
Table 11. Experimentally determined residual stresses
in damaged plates: "small" angles of damage (approx. 6°)








A1 -2 . 29 -8.16 -5.23
A2 8.02 4.97 6.50
A3 0.51 4.21 2.36
A4 -1.96 -6.31 -4.14
A5 1.02 -5 .58 -2.28
A6 -2 .18 -1. 56 -1.87
A7 2 .76 6.13 4 .45
A8 -11.75 -4.10 -7 . 93
B1 N.R. -15.30 -15.30
B2 -5.91 4.57 -0.67
B3 6.97 4 .86 5.92
B4 3.95 -5.22 -0.64
B5 3.88 -3.81 0.04
B6 4 .68 2 .40 3.54
B7 6.01 7 .47 6 . 74
B8 -25 .99 -13.93 -19.96
Cl -13 . 23 -8.70 -10.97
C2 0.36 3.81 2.09
C3 1 .86 3.59 2 . 73
C4 -1 .13 -0.80 -0. 97
C5 -9.25 -1.42 -5.34
C6 -7 .47 -1.02 -4.25
Cl -0 .04 3 .08 1.52
C8 -11.68 -10.04 -10.86
N.R. = NO Reading due to cutting error.
case, larger vee angles would reduce the magnitudes of the 
residual stresses.
3. The basic shape of the residual stress pattern in 
each plate was similar to that of the undamaged plates.
The stress distribution resembles very closely (in value
Table 12. Experimentally determined residual stresses
in deformed plates: "small" angles of damage (approx. 6°)
using measured E values from tensile tests.
Residual Stresses (KSI)
in Plate #:
Strip #: XXV-3 XXV-5 AVG.
B1 N.R. -16.72 -16.01
B2 -6.05 4.68 -0.69
B3 7.31 4.62 5.92
B4 4.22 -4 .61 -0.62
B5 4 .24 -3.27 0.04
B6 5 .15 2.01 3.48
B7 6.65 6 .08 6 .58
B8 -28.95 -11.00 -19.27
N.R. = NO Reading due to cutting error.
and shape) the commonly as sumed ;parabolic distribution for
plates and flanges of wide flange beams. Thus, it appears
that vee heats on a single plate element would not
significantly effect its "column behavior If
Shortening
In past literature, the subject of member shortening 
due to heat straightening has been mentioned, but never 
fully discussed. One researcher stated that using smaller 
vee depth ratios should result in less member shortening, 
given any particular damage situation (Moberg 1979). 
However, it could be argued that less shortening would 
occur when using full-depth vee heats, since the top 
fibers have been heated and are subjected to a tensile 
stress. As shown below, the amount of shortening in a
Table 13. Experimentally determined residual stresses
in deformed plates: "large" angles of damage (12° to
24°) using assumed value of E = 29,000 KSI.
Residual Stresses (KSI)
Strip #: XXV-4 XXV-6 XXV-7 AVG
A1 -18.41 -7.14 -22.23 -15.93
A2 3 .30 8.23 4.79 5.44
A3 7.03 4 .10 10.73 7 .29
A4 8.52 1.67 14.54 8.24
A5 12.00 0.69 23.96 12.22
A6 7 .83 -1.63 8.88 5 .03
A7 N.R. N.R. N.R. N.R.
A8 N.R. N.R. N.R. N.R.
B1 -11.71 -17.47 -15.19 -14 .79
B2 3.59 7 .36 4 .03 4.99
B3 4 .06 3 .01 10.66 5.91
B4 5 . 58 12 . 15 10.00 9.24
B5 9 . 21 6.41 8.63 8.08
B6 4 . 13 N.R. -1.41 1.71
B7 -4.68 N.R. N.R. -4.68
B8 N.R. N.R. N.R. N.R.
Cl -14.29 -9 . 28 -15.41 -12.99
C2 4 . 10 3 .19 5.66 4 .32
C3 6.09 1.31 13.77 7.06
C4 7 .40 1 .60 10.66 6.55
C5 10. 12 3.26 9.28 7 .55
C6 6.45 -3 .34 -0 .87 0.75
C7 N.R, N.R. N.R. N.R.
C8 N.R. N.R. N.R. N.R.
N.R. = No Reading due to cutting error.
member can be quite significant, regardless of the vee 
depth ratio used.
Figure 24 shows the author's concept of the 
shortening phenomenon. First, one has a plate of given 
length. If the plate is damaged about its strong axis 




• Final Plate Length —  
(After straightening)
Figure 24. Representation of shortening resulting from 
damage/repair cycle
67
Table 14. Experimentally determined residual stresses
in deformed plates: "large" angles of damage (12° to 




Strip #: XXV-4 XXV-6 XXV-7 AVG.
B1 -12 .96 -13 .33 -21.58 -15.96
B2 3.75 5.66 5 .04 5 .09
B3 3.99 2 .34 11.54 5.60
B4 5.14 9.51 9.17 8.06
B5 7.91 5.06 6.45 6.47
B6 3.07 N.R. -0.99 1.21
B7 -2 .94 N.R. N.R. -2.94
B8 N.R. N.R. N.R. N.R.
N.R. = No Reading due to cutting error.
plate experiences compressive yielding (shortening) and 
the bottom edge of the plate experiences tensile yielding 
(stretching). As the plate is subjected to the heat 
straightening process, the top edge experiences some 
"restretching" in the longitudinal direction (as evidenced 
by Roeder's strain distribution). However, these positive 
strains are small in comparison to the simultaneous 
shortening of the bottom edge of the plate.
To quantify the amount of shortening experienced for 
a given amount of damage, measurements were made on some 
of the deformed plates. Initial plate lengths (before 
damage) and final measurements (after straightening) were 
taken, and the amounts of shortening are shown in Table 
15. Regardless of initial and final lengths, all of the
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Table 15. Shortening of plates as a result of 
heat straightening.
Plate # Damage (rad) Damage (deg) Shortening (in.)
XXV-8 0.1045 5.99 0.080
XXV-6 0.2059 11.80 0.175
XXV-7 0.3276 18.77 0.310
XXV-4 0.4122 23.62 0.550
shortening occurs only within the damaged region (meaning 
shortening should not be expressed as a percentage of 
total length, but simply as a length itself).
A plot of shortening vs. degree of damage is shown in 
Figure 25 for the plates with a depth of 4 inches. As 
seen in the plot, shortening varies quite directly with 
degree of damage up to a certain point, somewhere between 
18 and 24 degrees, for the specimens studied. With only 4 
specimens, conclusions concerning the shortening 
phenomenon are tentative. However, shortening appears to 
be a function of plate depth (since strain will vary with 
plate depth for a given angle of damage). The shortening 
is also affected by the angle of damage itself, but does 
not vary with vee depth ratio, at least in the 0.75 to 
1.00 range. The amount of shortening in Plate XXV-8 was 
about the same as for all of the deformed beams (see 
Chapter VI), in which the same amount of damage was 
experienced and 3/4-depth vees were also used. All of 
the specimens with 3/4-depth vees seemed to follow the 













0.5 where S = shortening in inches,
<bD = angle of damage in degrees. 
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Figure 25. shortening vs. angle of damage in plate elements
full-depth vees. A preliminary formula for estimating
shortening (based only on the four plates in Table 15) is
S = W * (0.02 <}> D ) for 0 < A < 24° ........(8)
where S = shortening in inches.
<|>D = angle of damage in degrees.
W = plate depth (width).
Redistribution of Material
As a result of shortening, the heated portions of the 
deformed plates thickened upon straightening. This fact 
becomes especially important in influencing future damage 
(if any) of the plate, as discovered in the study of 
deformed beams (see Chapter VI). After the residual 
stress strips were cut from each plate, it became very 
easy to measure thicknesses at various locations along 
each strip. Thicknesses at a total of five points (see 
Figure 26) on each of the eight strips were measured to 
the 1/1000" using dial calipers. The measured thicknesses 
at the various points are presented in Appendix IV.
Thickening was greatest for the plates damaged to the 
largest degrees. For example, in Plate XXV-4, the 
specimen with the greatest amount of damage (23.62°), the 
thicknesses (measured for each strip) along the center of 
damage averaged 0.655 inches. When compared to the 
average thickness of the plate before damage (0.495 
inches), the thickening results in a 32 percent increase 
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Figure 26. Points used to measure thickening in plates repaired by heat straightening
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center of damage, thickening is less pronounced, but, 
nevertheless, some thickening occurs within all of the 
yield zone. With a thicker cross-section meaning a 
stronger member, it is likely that little significance 
should be placed on the thickening experienced.
Material Properties
Tensile tests were conducted on specimens taken from 
plates XXV-3 through XXV-8 to determine yield strength, 
tensile strength, percent elongation, and percent 
reduction in area, and modulus of elasticity. For each 
plate, specimens were taken from the heated area at the 
top (strip 1 or 2), middle (strip 4 or 5), and bottom 
(strip 7 or 8) of the vee, and from an unheated region of 
the same plate (strip UH) , to compare the before and after­
effects of the damage/straightening process on the tensile 
properties.
Tables 16 and 17 show the specimen properties found 
in the tensile tests. For each plate, consistent values 
were found for all of the unheated tensile specimens. For 
the heated specimens, a significant increase in yield 
stress occurred (most notably at the top of the vee) over 
the unheated specimens, although the tensile strengths 
exhibited only slight increases. Significant reductions 
in percent elongation (an indication of ductility) 
occurred in all of the specimens.













XXV-3 (UH) 46.8 68.7 45 58
XXV-3 1 51.7 70.5 33 46
XXV-3 5 49.8 70.6 38 60
XXV-3 7 50.0 70.3 39 60
XXV-4 (UH) 48.7 71.7 41 56
XXV-4 2 52.3 71.2 30 62
XXV-4 5 51.9 71.9 31 60
XXV-4 7 51.7 69.7 34 64
XXV-5 (UH) 45 .1 72.4 42 57
XXV-5 1 55.4 73.6 30 60
XXV-5 4 51.1 72.6 41 58
XXV-5 8 48.3 71.2 36 57
XXV-6 (UH) 43.9 66.5 46 60
XXV-6 2 52 .0 68.4 34 63
XXV-6 5 48.3 68.8 36 60
XXV-6 7 47 .0 69 .0 36 60
XXV-7 (UH) 46.9 69 . 6 43 59
XXV-7 2 50.0 70.7 32 57
XXV-7 5 46.0 67.9
XXV-7 8 43 .7 67 .6 35 65
XXV-8 (UH) 42.3 69 . 0 41 58
XXV-8 2 60.1 75.6 28 51
XXV-8 4 48.6 71.7 35 59
XXV-8 8 50.9 70.7 34 56








* 1-inch gage length.
Only three references mention anything about the 
effects of heat straightening on modulus of elasticity 
(Weerth 1971; Nicholls and Weerth 1972; Horton 1973), and 
these references implied that single vee heat applications






























on mild steel did not effect modulus of elasticity. The 
values in Table 17 indicate that modulus of elasticity is 
significantly affected by one damage/repair cycle. A 
significant decrease in E occurred at the open end of the 
vee in most cases (with the exceptions of XXV-3 and XXV- 
8). The high values in Plate XXV-8 are likely a result of 
the smaller depth ratio used.
Modulus of elasticity is a property used for 
determining residual stresses and deflections in members 
as well as the critical buckling load in columns. All of 
these factors should be taken into account in the analysis 
of a heat-straightened member.
An important observation is that the changes in 
material properties resulting from the damaging and 
straightening processes were very similar for each plate, 
in spite of the vast differences in degree of damage and 
the number of heats applied. It appears that degree of 
damage does not significantly affect material properties. 
Therefore, for all practical purposes, the plates could 
all be classified together as "1st Damage/Repair Cycle" 
members. The topic of damage/repair cycles is discussed 
in further detail in Chapter VI.
By classifying the plates together, an independent 
samples t-test was conducted on each of the properties in 
Table 16 to attach a statistical significance to the 
effects of one damage/straightening process on these 
properties. This test (which is discussed in detail in 
Chapter VI) is an excellent method for determining the 
confidence level at which one can predict changes 
resulting from some process or event, even with a small 
number of samples.
Table 18 shows the confidence levels of one 
damage/repair cycle causing an increase (or decrease) in 
the particular tensile properties of a steel plate










1 and 2 99.9 92.0 99 . 9 69.8
4 and 5 99.2 78.0 99.6 3.7
7 and 8 96 . 2 53.9 99.9 8.9
*Confidence level that heat straightening a deformed 
plate once will cause an increase in the property shown 
over that of the same specimen before the 
damage/straightening cycle.
** Confidence level that heat straightening a deformed 
plate once will cause a decrease in the property shown 
over that of the same specimen before the 
damage/straightening cycle.
specimen. Obviously, a high level of confidence exists 
that yield strength will increase, and that percent 
elongation will decrease (at all positions within the 
heated region). However, the confidence level of 
increased tensile stress and decreased reduction of area 
are very low (values under 95 to 97.5 percent are often 
rejected in hypothesis testing (Hicks 1982).
Considering only the high confidence levels for yield 
stress increase and ductility reduction, the respective 
percentages of these properties (for each specimen) in 
relation to those in the unheated specimens as well as to 
the ASTM standards are listed in Table 19. For yield 
stress, the ASTM standard value is 36 ksi, and the 
standard for percent elongation is 34.
Table 19. Comparison of material properties in heat 
straightened steel with unheated specimens and ASTM 
standard values (current research).
Yield Stress Percent Elongation
Plate/
Strip
% of UH 
Specimen
% of ASTM 
Standard
% of UH 
Specimen
% Of ASTM 
Standard
XXV-3 1 110 144 74 97
XXV-3 5 106 138 84 112
XXV-3 7 107 139 87 115
XXV-4 2 107 145 73 88
XXV-4 5 107 144 76 91
XXV-4 7 106 144 83 100
XXV-5 1 123 154 71 88
XXV-5 4 113 134 98 121
XXV-5 8 107 131 86 106
XXV-6 2 118 144 74 100
XXV-6 5 110 134 78 106
XXV-6 7 107 131 78 106
XXV-7 2 107 139 74 94
XXV-7 5 98 128 - -
XXV-7 8 93 121 81 103
XXV-8 2 142* 167* 68* 82*
XXV-8 4 115 135 85 103
XXV-8 8 120 141 83 100
*Plate XXV -8 was the ionly plate tested that had a depth
ratio of 0 .75. The high yield stress values and low %
elongation 
text) .
values are probably related to this fact (see
It should be noted that the highest value for yield
stress (60 .1 ksi) was obtained in strip #2 of plate XXV-8.
This plate was the only plate on which tensile tests were
conducted which had a depth ratio of 0.75. It is 
suspected that, because strip #2 is in a region that has
undergone compressive deformation, but has not been 
directly heated, it retains more of a strain hardening 
effect than it would if it were contained within the vee 
heated area (as strip #2 is for full-depth vees). As 
mentioned earlier, the minor restretching effect in the 
upper portions of the plate (addressed by Roeder) possibly 
causes a cyclic hardening effect not experienced if the 
material is heated. This specimen alone (among the 
plates) experienced a significant increase in tensile 
strength over the unheated specimen for that plate (10 
percent). It should also be noted that similar high yield 
and tensile stresses were experienced (near the vee apex) 
after the first bend in the study of repetitively damaged 
wide flange beams, where a depth ratio of 0.75 was also 
used.
A summary of tensile test results of past research is 
shown in Table 20 for A36 steel heated at various 
temperatures and configurations. A more complete summary 
comprising of many different steel types is shown in a 
previous report (Avent 1986). All of the specimens in 
Table 20 were initially straight (plates, wide flange 
sections, and plate girders). Yield stresses in the 
heated specimens were only slightly higher (1-3 %) than 
unheated specimens in the same studies, although the loss 
of ductility ranged from 13 to 25 percent (approximately 
the same range as the damaged plates in the current 
study). The lower yield stress increase in the undamaged
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Table 20. Comparison of material properties of steel 
subjected to the heat straightening process with 
unheated specimens and ASTM standard values (past 
research).
Yield Stress Percent Elongation
temp/ heat % of UH % of ASTM % of UH % Of ASTM
type Specimen Standard Specimen Standard
1200*/vee+ 103 -- 75 --
1200*/vee++ 100 -- 87 --
1100-
1200/vee+ 100 ■*" — 87 — ■»
1000/line** _  — , 118 _r-. 96
1000/line** - - 108 -- 94
1000/line** -- 106 -- 93
1000/line** -- 90 __ 96
1000/line** -- 97 -- 96
1000/line** -- 105 -- 96
1000/line** -- 101 -- 100
1000/line** -- 97 -- 100
1000/line** “■ — 100 “ ■“ 100
*Average of unspecified number of values.
+Nicholls and Weerth 1972; Weerth 1971 (average of unspeci
number of specimens of heat-curved plates).
++Horton 1973 (heat-curved wide flange sections) •
**Brockenbrough and Ives 1970 (heat -curved girders).
specimens was probably a result of the fact that these
specimens were never subjected to any cold bending (and 
thus strain hardening). It is difficult to draw any 
conclusions from Brockenbrough's study (using line heats), 
because the properties of the steel before heating are not 
known. As in the current study, all of the specimens
listed in Table 20 experienced only slight increases in 
tensile strength (a property not significantly affected by 
strain hardening).
Tensile Properties and Fatigue
The importance of increased yield stress and tensile 
strength and decreased ductility in the specimens lies in 
the areas of stress concentrations and fatigue. Stress 
concentrations often occur around discontinuities in 
structural members, such as holes, fillets, notches, and 
the like (Barsom and Rolfe 1987). Structural designers 
usually rely on the ductility of the material to 
redistribute the load around a mild stress concentration, 
hence ignoring the effects of the stress concentration. 
However, a decrease in ductility allows for less stress 
redistribution, thus causing the higher stresses to remain 
concentrated.
Fatigue life is the total number of cycles (load 
fluctuations) required at a certain stress level to cause 
the initiation and propagation of cracks to a critical 
size. Regardless of how the cycles are classified, once 
above the "fatigue limit", an increase in stress means a 
lower fatigue life, for any given material with a given 
geometry, i.e. presence of notches, holes, etc. The 
fatigue limit is the stress at which an infinite number of 
cycles can theoretically be applied without fatigue.
Studies have shown that the fatigue-crack-initiation 
threshold in various steels is related to the yield 
strength as well as tensile strength (Barsom and Rolfe 
1987). This threshold basically establishes an upper 
stress for a given notch geometry at which an infinite 
number of cycles can be applied without crack initiation. 
Equations basing the threshold on both tensile strength 
and yield strength have been formulated and agree well 
with each other for most structural steels (where the 
ratios of tensile to yield strengths are fairly 
consistent). However, the tensile to yield strength ratio 
was severely altered in the heat straightened plates.
In general, the fatigue-crack-initiation threshold 
increases with tensile as well as yield strength.
However, tensile strength increases were slight in the
heat straightened plates, when compared to ductility 
losses (9.5% vs. 32% in the "worst case" specimen 2 on 
Plate XXV-8). Thus, the fatigue-crack-initiation 
threshold, based solely on tensile strength, could 
possibly be exceeded by increased stress caused by the 
ductility loss, resulting in failure.
Like ductility, fracture toughness (a value 
proportional to the energy consumed during plastic 
deformation) decreases as yield strength increases. The 
ability of a particular flaw, or stress concentrator, to 
cause catastrophic damage depends on the fracture 
toughness of the material (Flinn and Trojan 1986). Thus,
it can be assumed that a 42 percent increase in yield 
strength (and a 32 percent loss in ductility), as in the 
example specimen above, would constitute a severe
reduction in the ability of a member (under a given set of
conditions) to resist brittle fracture.
Because the subject of stress concentrations and
brittle fracture depends on specific conditions, it is
difficult to make recommendations, without detailed 
analyses of these specific situations. It cannot be 
overemphasized that heat straightening areas of high 
stress concentration should be avoided when possible and 
only done after a sufficient analysis by a qualified 
engineer. However, since varying degrees of damage seemed 
to have similar material properties, degree of damage 
would not be the deciding factor on whether or not a 
member should be straightened in a fatigue critical area. 
Therefore, the suggestions made by Shanafelt and Horn for 
strain limitation in severe fatigue critical areas (where 
strain hardening was the basis) are considered only as a 
precautionary limits with no scientific rationale.
Further study should be conducted to determine if heat 
straightening should be allowed for any degree of damage 
in the severe fatigue critical areas.
Since the effects of heat straightening on material 
properties, did not seem to relate to the degree of damage 
of plates (at least past the initial strain hardening 
point), Shanafelt and Horn's suggested limit of five
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percent nominal strain (41.67 times yield strain, if 
assumed yield strain is 0.0012) in tension members has no 
basis (recall that this constitutes a fairly small angle 
of damage in a plate element bent about its weak axis, 
especially with a large plate width). It was found that a 
strain of at least 100 times yield can be heat 
straightened with little or no difference in material 
property changes than for much smaller strains. Thus, in 
areas other than fatigue critical areas, the amount of 
shortening that will be experienced should be the 
determining factor when contemplating the use of heat 
straightening.
Conclusions
The study of damaged plates shows that results from 
previous undamaged plate studies cannot necessarily be 
applied to damaged plates, especially for residual 
stresses and material properties. However, the relative 
effects of individual heating parameters on plastic 
rotations and residual stresses are similar in undamaged 
and damaged specimens. For the first time, residual 
stress patterns in damaged specimens are determined and 
compare closely with patterns commonly assumed in practice 
for as-rolled plate specimens. The large numbers of heats 
applied to the damaged plates reduce the uncertainty in 
plate behavior resulting from vee heats. Both 
deterministic and probablistic models have been presented
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to predict the effects of plastic rotations. Thus, the 
ability to make reliable predictions concerning repair 
time has now been enhanced.
Yield stress, modulus of elasticity, and percent 
elongation were all found to be quite variable, even 
within a given plate, and should be considered before heat 
straightening operations begin. Some conclusions and 
suggestions from past research concerning damage limits on 
the use of heat straightening have now been experimentally 
verified (and modified in some cases). The results of 
this chapter allow engineers a more scientific approach to 
establishing a repair procedure for a given damage 
situation.
With plates being the fundamental element of 
structural shapes, the results of the damaged plate 
studies answer the basic questions concerning the 
straightening of more complex shapes. The following 
chapter is devoted to the study of heat straightening 
effects on angles and channels, since they are the most 
simple rolled shapes in terms of cross-sectional geometry. 
Many of the conclusions from the damaged plate studies are 
incorporated into the study of the angles and channels.
CHAPTER IV 
ANGLES AND CHANNELS
This chapter is devoted to quantifying the behavior 
of various rolled shapes (angles and channels), since 
these shapes consist of multiple plate elements, the plate 
equation for plastic rotation forms the basis for the 
extension to rolled shapes. Included are experimental 
data from past research on undamaged specimens (Boudreaux 
1987), and current data from damaged specimens. These 
data will be used to verify the mathematical models. The 
focus will be first on plastic rotations, followed by a 
brief discussion on residual stresses.
With a single plate, the only damage considered is 
bending about the strong axis. However, with rolled 
shapes, bending may occur about either the strong or weak 
axis and still result in the individual plate elements 
being bent primarily about their strong axes. As such, a 
distinction must be made between the various types of 
damage. Three categories are defined and addressed in 
this research:
1. Category S: Denotes primary bending about the 
major, or "strong" axis.
2. Category W: Denotes primary bending about the 
minor, or "weak" axis.
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3. category T: Denotes unsymmetrical bending that
results in torsion, or "twisting" about the longitudinal 
axis of the member.
In cases where the moment of inertia is the same for 
either axis, the member will be classified as a Category S 
member. A distinction is also made between the bending 
elements and stiffening elements of a cross-section. The 
bending elements are the plate elements of the cross- 
section subjected to strong axis bending about their own 
local axes. The stiffening elements are perpendicular to 
the bending elements and are bent about their own local 
weak axes. In most cases associated with major distortion 
of the entire member, yielding occurs in the bending plate 
elements but not in the stiffening elements. When 
yielding occurs in the stiffening elements, it is usually 
associated with localized bulges, crimps and buckles about 
the element's minor axis. This type of damage is not 
addressed here.
Undamaged Specimens
In the previous studies conducted by Boudreaux, a 
number of angles and channels were subjected to the heat 
straightening process. These shapes are essentially the 
most simple rolled shapes, as they can be considered as a 
single plate which is in a "folded" form. The heats 
presented below were applied to produce Category w 
bending in channels and Category S bending in equal leg
angles with the "stiffening element" located at the open 
end of the vee (see Figure 27). The stiffening element is 
the leg of the angle that is not being vee heated. In the 
case of the channel, the stiffening element is the web.
In Boudreaux's study, it was found that when using 
the same heating parameters on these shapes as for the 
plates, much greater plastic rotations resulted. An 
equation to predict plastic rotations for these shapes was 
briefly addressed, with no in-depth look at the reasons 
for the larger rotations. Part of the current research 
involved a study of the plastic rotations of the angles 
and channels. The plastic rotations are shown below in 
Table 21 and 22 (Avent and Fadous 1988). All were heated 
at approximately 1200F, and had a depth ratio of 1.00.
Geometric Considerations
An understanding of the basic behavior of a heat- 
straightened angle or channel can be obtained by 
considering them as folded plates. First, the angle's 
shape can be related to that of the plate when considering 
plastic rotations. For illustrative purposes, an L4x4xl/4 
angle is chosen. Assume that, if the angle is unfolded, 
the same heat could still be applied, though now on a 
single plate with approximately an 8-inch depth (see 
Figure 28a).
As shown in Figure 28a, the deformation at the open 
end of the vee heat (at the center of the plate) is given
Figure 27. Heating patterns (Category S for equal leg angle and 
Category w for channel) with stiffening element at open end of vee
Heated Area
*v
(a) equal leg angle
d6 is the distance from the 
"apex" end of the vee heated leg 
to the stiffening element, and is 
not dependent on vee depth. The 
value of dE varies from zero to w, 
depending on vee orientation 




Figure 28. "Unfolded" angle with vee and rectangular 
heating patterns shown
Table 21. Plastic rotations for L4x4xl/4 angles.
Specimen
Ht # Vee angle 
(degrees)
M/Mp Plastic rot. 
(millirad)
VI-1 1 20 0.00 1.74
2 20 0.00 1.50
3 20 0.00 0.98
AVG 1.41
VI-2 1 20 0.25 6.21
2 20 0.25 4 .87
3 20 0.25 5-92
AVG 5.63
VI-3 1 20 0.50 11.03
2 20 0.50 8.92
3 20 0.50 13.36
AVG 11.10
VI-4 1 45 0.00 3 .08
2 45 0.00 3.58
3 45 0.00 2.83
AVG 3.16
VI-5 1 45 0.25 7.88
2 45 0.25 11. 28
3 45 0.25 $.93
AVG 9.36
VI-6 1 45 0.50 15.71
2 45 0. 50 15.96
3 45 0.50 16.20
AVG 15.96
an assumed value of x v . If the rotation of the entire 
plate were governed by this value, and assuming a linear 
strain distribution throughout the plate, the amount of 
deformation at the bottom of the plate would be 2xv .
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Table 22. Plastic rotations for C6x8.2 channels.
Specimen
Ht # Vee angle 
(degrees)
M/Mp Plastic rot. 
(millirad)
VIII-1 1 20 0.00 2.40
2 20 0.00 5.89
3 20 0.00 2-5?
AVG 3.60
VIII-2 1 20 0.25 9.32
2 20 0.25 7 .92
3 20 0. 25 $.30
AVG 7 .85
VIII-3 1 20 0.50 14 .63
2 20 0.50 9.14
3 20 0.50 10.98
AVG 11.58
VIII-4 1 45 0.00 3.82
2 45 0.00 7 .13
3 45 0.00 4.63
AVG 5 .19
VIII-5 1 45 0.25 9.79
2 45 0.25 6 .15
3 45 0.25 6.24
AVG 7.39
VIII-6 1 45 0.50 17 .99
2 45 0.50 15.75
3 45 0.50 9.55
AVG 14 .43
Since a rectangle rather than a vee extends over the lower
portion of the section, this assumption may not be as 
exact as in the case of a fully extended vee. However,
for discussion purposes it will be assumed to be exact.
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With the conditions as shown in Figure 28a, the 
average deformation in the lower half of the plate is 1.5 
xv . If this deformation were to be experienced in the 
stiffening element of the angle, then the amount of 
plastic rotation would be 1.5 times the plastic rotation 
of a 4-inch plate heated with the same vee. Thus, the 
fold in the plate element results in a magnified plastic 
rotation. It should also be noted that the varying 
strains experienced at different points in the stiffening 
element will produce some out-of-plane distortion 
(discussed in detail below).
The channel can also be "unfolded" to establish a 
relationship between its plastic rotations and those of a 
plate. Figure 29 shows the channel (C6x8.2) in its 
unfolded position with the heating pattern used. As 
shown, the channel can be considered as two angles with 
the vees being heated simultaneously.
Consider one half of the channel. The vee depth is 
1.92 inches, thus a comparison can be made to a vee-heated 
1.92-inch plate, where the assumed deformation is again 
designated a value, x v , at the open end of the vee. If 
this deformation governed the relative movement with a 
linear strain distribution throughout the half of the web 
considered (to the original web centerline), then the 
deformation at the centerline of the web would be equal to 
2.56 xv , with the average deformation for the half of the 






Figure 29. "Unfolded" channel with vee and rectangular 
heating patterns shown
other half of the channel (because of the other vee heat), 
the average deformation in the entire web would also be 
1.78 xv . Thus, to an even greater degree than the case of 
the angle, plastic rotations will be magnified over those 
of plates by the channel's folded geometry. For both the 
angle and channel, the experimental data will be used to 
determine the degree of this magnification.
Load Ratio and Stress Considerations
If a load ratio is applied during the heating 
process, one must consider that the stress distribution 
throughout the vee heat differs in an angle than it does 
for a plate. Figure 30 shows the cross-section of an 
angle, along with its major, minor, and principal axes. 
Since the cross-section is not symmetrical, a vertical 
load will produce vertical bending only if some sort of 
lateral restraint is used. With the neutral axis being 
located relatively close to the stiffening element, the 
case of vertical bending results in a greater percentage 
of a given vee heat in compression than for plates.
If no lateral restraint is provided, a vertical load 
will not produce just vertical bending. Thus, the simple 
bending formula, My/I, cannot be used to calculate 
stresses in the vee heated area resulting from the load. 
Instead, the bending formula can be utilized twice, using 
the components of the moment about both principal axes.






Figure 30. cross-section of a typical angle
Table 23. Stresses at Point B (at open end of vee) 










*Note: Boudreaux calculated load ratio based on the use 
of lateral restraint, but did not use lateral restraint 
in the actual experiments.
for load ratios of 0.25 and 0.50. When considering no 
lateral restraint, as opposed to using My/I, the stresses 
are quite large.
The stress present in the channel is simply 
calculated by My/I due to its symmetrical shape (when 
considering weak axis bending). Because of the short 
distance from the neutral axis to the stiffening element 
(see Figure 31), the value for y (and thus stress) at any 
point in the stiffening element is small (only 13.18 ksi 
for M/Mp = 0.50).
It is apparent from the above discussion that load 
ratio (expressed as M/Mp) in itself does not indicate the 
magnitude of stresses which will occur for different 
cross-sections. In fact stresses can be high enough in 
certain cross-sections to justify establishing lower 
limits on load ratio than for other cross-sections to 






Figure 31. Cross-section of a typical channel
level partially defines the internal restraint during heat 
straightening, these stresses will affect the plastic 
rotation. An analysis of each cross-section is needed to 
decide load ratios to be used in the heat straightening of 
rolled shapes.
With the above geometrical and stress considerations, 
the plastic rotations for each angle and channel were 
compared to those for Boudreaux's plates under the same 
respective heating conditions. The ratio of angle plastic 
rotation to plate plastic rotation, Ra/p, was plotted vs. 
load ratio, as shown in Figure 32. A linear least squares 
curve fit of the data reveals that Ra/p was close to the 
estimated value of 1.5 at zero load ratio, and that an 
increase in load ratio caused a significant increase in 
Ra/p. This data reinforces the hypothesis of dual effects 
of the geometric and stress considerations.
A similar plot is shown (Figure 33) for the ratio of 
channel plastic rotation to plate plastic rotation, Rc/p . 
Here again the value of Rc/p at zero load ratio seemed to 
correspond with the geometrical considerations. As 
expected, because stresses are relatively low in the 
channel, when compared to the stresses in a plate under 
the same conditions, an increase in load ratio did not 
result in a significant increase in Rc/p- Again, the 
above hypothesis is verified.
The geometric magnification associated with angles or 













• 2 c £4-3
<$ ° Dh 4->
- 3 -
1-
Each point represents the 
comparison of 3 heats on an 






() 45° Vee 
20° Vee
0 0.00
QQQQQ Least Squares Curve Fit: Ra/P = 1.45 + 2.87 (M/Mp)
 Equation 9a Based on Geometry and Stress:
Ra/P = [1 + 1 /2  (b8/d v)] [1 + SF (M/Mp)] 
where SF = 2 for angles, ba is the depth of the 
stiffening elem ent, and dv is the depth of the vee.







































Each point represents 
the comparison of 3 heats 
on a channel to 3 heats on 
a plate.
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 Equation 9b Based on Geometry and Stress:
Rc/p = [1 + 1 /2  (b ,/d ,)] [1 + SF (M/Mp)] 
where SF = 0 for channels, bB is the depth of the 
stiffening elem ent, and dv is the depth of the vee. 
For C6x8.2 channels, bs = 6
0.25 0.50
Load Ratio
Figure 33. Channel-to-plate movement ratio (Rc/p ) vs load ratio
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assumptions based on geometric considerations: (1) The
folded plate can be unfolded and considered as a deeper 
plate with the longitudinal strain constant with respect 
to depth; (2) the plastic rotation is magnified by the 
average displacement of the stiffening element in the 
unfolded position acting over the vee depth in the folded 
position; and (3) the plastic rotations are small, i.e., 
tan <}> = 0 . Referring to the angle represented by Figure 
28b, these assumptions imply that the plastic rotation of 
the angle, 4>a , is
<l>a = Y/dv
with the y value obtained from the linear geometry in 
Figure 28b to be
( dy + bg / 2 ) Xy
y = ----------------
dv
The plastic rotation of the equivalent unfolded plate, <|)p, 
is
<t> p = Xy/dy
Thus, the ratio of the plastic rotation of the angle to 
that of the equivalent unfolded plate is
^a/p = ^a/^p = Y/*v
or
Ra/p = 1 + 1/2 (bs/dy) ............... (9)
where dv = the depth of the vee, and
b s = the width of the stiffening element.
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The data for the channel seemed to closely match Equation 
9. The use of geometric assumption (2) above would 
not predict this fact, because the web (and thus b s) was 
divided by two. Therefore, it is assumed that the plastic 
rotations in channels are governed by the displacement at 
the center of the web, as opposed to a quarter point, as 
would be the case if using assumption (2) for one half of 
the channel being considered as an angle. The greater 
magnification is likely a result of contributions from 
both vees being heated at the flanges. Thus,
(dv + bs ' ) xv
y = ----------------
dv
where bs ' = bs/2, leading again to Equation 9 for use in 
channels (bs is the total width of the stiffening 
element or web).
The stress amplification of plastic rotation to the 
unsymmetrical shape of the angle can be rationally derived 
on the basis of the following assumptions: (1) The
variation of Ra/p is linear with respect to the load 
ratio, and (2) a load ratio of 50% increases Ra/p by a 
stress factor, SF = 2. These assumptions are based on the 
results of the least squares curve fit of the available 
data for angles (Figure 32). Using these assumptions,
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Equation 9 is further modified as
Ra/p = [1 + 1/2 (bs/dv )] [1 + (SF)(M/Mp )]  (9a)
where SF = 2 .
For a channel, which is a symmetrical section when 
considering Category W heating patterns, the data 
indicates a negligible effect of the stress factor. Thus, 
for channels
Rc/P = [1 + 1/2 (bs/dv )] [1 + (SF)(M / M p )]  (9b)
where SF = 0.
The plastic rotation equations for angles and 
channels are simply modified versions of the plate
equation by factors of Ra/p an^ Rc/p> respectively:
<i>a = <>p [ 1 + 1/2 (ds/dv ) ] [1 + 2 (M/Mp)] ...(10a)
0 C = 4>p [1 + 1/2 (ds/dv ) ] ........................ (10b)
It should be noted that the equations above are based on a 
relatively small amount of data, and more research is 
needed to verify this model for angles and channels of 
various sizes. However, these equations do agree well 
with the available data, as seen in Figures 32 and 33.
Out-of-Plane Movement
In order for the geometric considerations illustrated 
above to be valid, an out-of-plane movement (in the 
direction perpendicular to the desired direction of
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movement) would obviously have to occur. With the linear 
continuous strain concept, even though the stiffening 
element is heated with a rectangle, its strain behavior 
resembles that of a vee heat and thus the stiffening 
element would shorten more on one edge (opposite the vee 
in the case of the angle) than the other. According to 
the theory, the out-of-plane movements should be fairly 
large (especially when using a load ratio, in which case, 
the entire rectangular heat is in compression).
In the angles listed above, the average out-of-plane 
plastic rotations were computed and compared to the 
plastic rotations in the desired direction. These values 
and comparisons are shown in Table 24.
As can be seen from Table 24, the out-of-plane 
movements are quite large in all cases, and they increase 
significantly with load ratio (note the very large value 
for VI-6). However, when compared to the plastic 
rotations in the desired direction, the zero load ratio 
cases exhibited more relative movement. In fact, the out- 
of-plane movements were greater than the desired 
movements. The large out-of-plane movements are more than 
likely larger than the desired movement because the vee 
heated leg of the angle has already been heated, offering 
less resistance to rotation. The lower out-of-plane to 
desired movement ratios encountered at larger load ratios 
are probably due to restraint caused by the larger forces.
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Table 24. Comparison of out-of-plane plastic rotations to 
plastic rotations in the desired direction of movement.
Specimen Out-of-Plane Plastic 
Rotations (millirad)
Ratio of Out-of-Plane 
to Desired Movement
VI-1 2.93 2.07
VI-2 4 .03 0.71
VI-3 6.59 0.59
VI-4 4 .55 1.44
VI-5 7.85 0.84
VI-6 10.76 0.67
Depending on whether or not the out-of-plane 
movements are beneficial to the overall repair of the 
given specimen, alternative heating patterns may be 
necessary to prevent them. The vee heat would be applied 
as normal, and the stiffening element would still need to 
be heated to allow rotation in the desired direction. 
However, instead of a rectangular heating pattern, it is 
likely a reverse vee heat (continuing from the open end of 
the original vee, and tapering down to a point) would 
allow desired rotation, while reducing the out-of-plane 
movement. In its "unfolded" position, the heating pattern 
would resemble a diamond shape, a pattern used by pipe 
welders to straighten pipe distortions. Heating in the 
proper fashion is essential for obtaining movement.
Damaged Specimens
A number of channels and angles were damaged and 
straightened in the current study, as indicated in Table
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25. The average plastic rotations are shown for each 
different combination of heating parameters used 
(different combinations were used on some specimens). All 
of the damaged specimens had the vee apex applied at the 
stiffening element (Figure 34).
A notable fact from Table 25 is that very large 
plastic rotations occurred for all of the angles (when 
compared to plates under the same conditions). With the 
stiffening element at the vee apex (and thus heated only 
with a line heat), the only explanation deals with stress. 
Larger stresses (than for plates) occur in the angles.
These large stresses are compressive over most of the vee 
(because the neutral axis is shifted toward the stiffening 
element). The stresses at the open end of the vee are 
given in Table 26 for the various cases of angles (point A 
in Figure 30).
From Table 26, it can be seen that the stresses are 
significantly higher in the angles than for the plates.
It is suggested that load ratios for this type of bending 
should be kept below 0.33 to prevent yielding (even before 
heating!) and to prevent buckling at the open end of the 
vee. The load ratio is still based on the plastic moment 
considering vertical bending only, i.e., by use of the 
plastic modulus about the horizontal axis, to be 
consistent with current practice.
In each case above, the stress in the extreme fiber 
was about 1.4 times the stress in the extreme fiber of a




Table 25. Damaged angle and channel specimens.
Specimen/ M/Mp Depth # of Heats Avg PR
Category Ratio (milliradians)
L6x4x5/16(S )* 0.22 1.00 3 4 .66
L6x4x5/16 (S) 0.50 1.00 16 9.10
L6x4x5/16 (W) 0.50 1.00 3 11.11
L4x4xl/4 0.33 0.75 2 5 .57
L4x4xl/4 0.33 1.00 5 6 .75
C6x8.2 (W) 0.50 1.00 14 5 . 78
*s means strong-axis bending, W means weak- axis bending.
Note: All vee heats were 45° , and all had the stiffening
element at the vee apex.
Table 26. Stresses at open end of vee for various cases
of heats on angles (stiffening element at vee apex).
Equivalent
Shape/ Load Ratio Stress (ksi) Plate Stress
Category (ksi)
L6x4x5/16 (S) 0. 22 16.08 11.88
0.50 36.55* 27 .00
L6x4x5/16 (W) 0. 50 37 .90* 27.00
L4x4xl/4 0 .33 25 .78 17 .82
*These values assume yielding does not occur.
plate under the same conditions. Due to similar neutral 
axis positions in each shape, it seems likely that the 
plastic rotations in each angle should differ from plate 
plastic rotations by similar factors. Because a very 
large amount of hot mechanical straightening obviously 
occurred when using a 0.50 load ratio, it is more
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practical to compare only the cases of 0.22 and 0.33 load 
ratios with plates under similar conditions (see Table 
27). This will allow a proper modification of the plate 
equation for angles in damaged in this fashion, using 
reasonable load ratios.
Table 27 indicates that Equation 10a is an excellent 
indicator of plastic rotations in angles with the 
stiffening element at the vee apex (the bs term is 
considered equal to zero because the stiffening element is 
not heated as part on an extended vee). It should be 
noted that the value of 2 for SF applies for both equal 
leg and unequal leg angles (for the two cases shown).
The plastic rotations for specimen C6x8.2 in Table 25 
indicate that Equation 10b closely predicts plastic 
rotations for Category W heats with the stiffening 
element at the vee apex (again bs is considered equal to 
zero). In other words, the plastic rotations should be 
equal to those for plates subjected to the same heating 
conditions. Recall from Table 25, that the average 
plastic rotation for specimen C6x8.2 was 5.78 milliradians 
for 14 heats with a 45° vee angle and a 0.5 load ratio. 
This average value is close to the average plastic 
rotation of 5.32 milliradians found in plates when using 
the same heating parameters.
From the above observations, Equations 10a and 10b 
predict very well the plastic rotations in angles and
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Table 27. Comparison of plastic rotations in angles to 
















*These values represent the heats 
**Ratio of angle plastic rotation
with depth ratio = 1. 
to plate rotation.
Category W channels, regardless of the vee orientation. 
These equations are based on the influences of both the 
stiffening element and the stresses present during the 
heating process. However, these equations should be
written in a form which accounts for the location of the
stiffening element:
4>a = 4>p [ 1 + 1/2 (ds/w) (bs/dv ) ] [1 + 2 (M/Mp)] ---- (10c)
0C = 0p[ 1 + 1/2 (ds/w) (bs/dv ) ] .................... (10d)
where ds is the distance from the edge of the vee heated 
plate element closest to the vee apex (Figure 28b) to the 
stiffening element, and w is the width of the vee heated 
element. The term ds/w is zero when the stiffening 
element is at the vee apex and one when the stiffening
element is at the open end of the vee. This term is
important because the bs term can never actually be zero 
if a stiffening element exists, regardless of its 
location. The ds/w term simply indicates of the effect of
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the stiffening element based on its location.
It is apparent that vee depth is inversely 
proportional to plastic rotation in Equations 10c and lOd. 
If these equations were used, then very low depth ratios 
would indicate very high plastic rotations. This does not 
occur in actuality. Instead, since only full-depth vees 
were used to formulate Equations 10c and lOd, it can be 
assumed that depth ratios between 0.75 and 1.00 will 
produce similar magnitudes of plastic rotations. This is 
a valid assumption, when considering the fact that it is 
true for plate elements, as shown in Chapter III. Thus, 
the dv term is simply changed to w:
<t>a = <t>pt 1 + 1/2 (ds )(bs )/w2 ] [l + 2 (M/Mp)] --- (11 a)
<|>c = 4>p[ l + 1/2 (ds )(bs )/w2 ]  (lib)
Equations 11a and lib are considered valid for depth 
ratios ranging from 0.7 5 to 1.00. Figures 35 through 37 
show the comparisons of various shapes to their respective 
plastic rotation equations.
Residual Stresses
Residual stress patterns were experimentally 
determined for some representative samples of angles and 
channels. The geometry of the shapes prevented 
measurements with the extensometer on both sides of 
certain strips. However, the continuity and consistency 

















  Angle Equation 11a (L6x4x5/16, Category S, bs/w  = 0)
OOOOO Avg Plas. Rot. for L6x4x5/16, Cat. S, bs/w  = 0 (3 Heats) 









L6x4x5/16 (Category S) 
Load Ratio 0.22
0 10 20 30 40 50 7060 80 90
Vee Angle (Degrees)
Figure 35. Comparison of plastic rotations in L6x4x5/16 specimen



















  Angle Equation 11a (L4x4xl/4, bs/w  =
OOOOO Average Plastic Rotation for L4x4xl/4, 
 Modified Plate Equation 4b








L 4x4xl/4  
Load Ratio 0.33
80 9010 20 30 40 50 60 700
Vee Angle (Degrees)
Figure 36. Comparison of plastic rotations in L4x4xl/4 specimen
















C O  12-1 
O
1 1 -   Channel Equation l ib  (C6x8.2 Category W, bg/w  = 0)
OOOOO Avg Plastic Rotation, C6x8.2, Cat. W, bs/w  = 0 (14 heats) 
Note: Modified Plate Equation 4b is the same as









C6x8.2 (Category W) 
Load Ratio = 0.50
20 30 400 10 50 60 70 80 90
Vee Angle (Degrees)
Figure 37. comparison of plastic rotations in C6x8.2 specimen 
with Equations lib and 4b
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Table 28. Residual stresses in undamaged angles.
Specimen/Strip
Residual Stress 
(KSI) in Vee 
Heated Leg
Residual Stress 
(KSI) in Rectangular 
Heated Leg
VI-1 1 -22.04 -19.69




6* 7 .03 15.73
7* -5.29 13.92
8* -20.16 -17.40
VI-4 1 -26.10 -27.08
2 -10.19 -2.76
3 3.87 6 .16
4 15.48 0.33
5 21.90 9.54
6* 8.48 12 .91
7* 5.44 12 .04
8* -43.07 -31.83
* Only one side measured.
sufficient results were obtained. The residual stress 
values are given in Tables 28 through 30, and shown in 
Figures 38 through 42). The strip number locations are 
shown in the figures. These values should be fairly 
representative of the respective heating configurations on 
the various shapes.
In the two undamaged angles (VI-1 and VI-4), the 
residual stress patterns were quite similar (slightly 
higher compressive stresses were found at the leg ends of 
specimen VI-4). The only difference in these two 
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Figure 39. Stresses in Angle VI



























Figure 41. Stresses in Angle L4x4
Angle L4x4

















(45° vee, M/Mp = 0.33, depth ratio = 1.00)
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1* -24 .43 -30.67 2.54
2* -9.79 0.36 4 .06
3* 15.59 2.32 -2.83
4 5.37 9.65 -12.51







* Only one side measured.
respectively). Until further study, it can be assumed 
that the type of pattern shown for these two specimens 
(compression on edges and where the two legs meet) is 
representative of angles.
An interesting fact is that the damaged angle 
specimen, L4x4xl/4, exhibited the same type of residual 
stress pattern as the undamaged angles. It should be 
noted that two different heating patterns were used for 
the damaged and undamaged specimens. It is apparent that 
the heating/cooling process in the angles results in quite 
high (around 40 ksi) compressive stresses near the end of 
the legs, regardless of the location of the vee apex, 
relative to the stiffening element. It is suggested that 
further research be conducted on the subject of residual




(KSI) in Vee 
Heated Leg**
Residual Stress 
(KSI) in Rectangular 
Heated Leg
L4x4xl/4 1* -47.49 -53.65
2* 17.91 -9.57
3* 33.57 2.10
4 34.06 16 .32
5 27 .55 21.90
6 19 .87 22 .84
7 -10.30 -9.72
8 -35 .74 -22.70
L6x4x5/16 1* 12.25 -----------
2* -4.71 -2.61
3* 14 .65 12 .33
4 27 .55 14 .36
5 43.86 21. 57
6 31 . 50 26.90
7 29.69 43.21
8 18.27 31.54
9 10. 19 ------ —
10 -7 . 87
11 -25.34
12 -35.38
* Only one side measured.
** some vee heats were also applied to the both legs due t<
some bending occurring in horizontal direction (from
vertical loading) during damage.
stress patterns in channels and other sizes of angles 
subjected to the heat straightening process.
Conclusions
The past study conducted by Boudreaux on undamaged 
angles and channels indicated extremely high plastic 
rotations when compared to plates heated under the same 
conditions. The current study on damaged angles and
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channels has resulted in similar findings. Cross-section 
geometry has been incorporated into the modified plate 
equation from Chapter III, to predict plastic rotations 
for these shapes for two types of heating patterns. 
Stresses and the location of the stiffening element, with 
respect to the vee apex, both have an effect on the 
plastic rotations in angles and channels. Residual stress 
patterns were found for a few of the specimens (both 
damaged and undamaged). Compressive stresses near the leg 
tips were quite high in some cases.
The study of the angles and channels illustrates the 
fact that more variables are involved in the prediction of 
plastic rotation in shapes other than simple plates. An 
even more complex shape is the wide flange. A study of 
undamaged wide flange beams is presented in the following 
chapter.
CHAPTER V
UNDAMAGED WIDE FLANGE BEAMS
Although the information in the preceding chapters is 
useful in understanding the effects of heat straightening, 
many steel bridge members do not consist of a single plate 
or even channels and angles. More commonly, bridges are 
constructed using plate girders and wide flange shapes. 
Often these members are damaged as a result of accidents.
Plastic rotation studies have been conducted in the 
past (Horton 1973; Avent and Fadous 1988), on a few 
undeformed wide flange beams. Some material properties 
resulting from heat curving have been investigated, with 
theoretical studies used to predict residual stresses 
(Horton 1973). However, no experimental residual stress 
measurements were made. In the current study, a number of 
undeformed wide flange beams were subjected to the heat 
straightening process in a laboratory environment.
Plastic rotations were investigated to add to previous 
data, and residual stresses were experimentally 
determined.
Test Setup
The studies were similar to those of the undeformed 
plates; in this case, using 5-foot long specimens of W6x9 
rolled shapes (A36 steel). The beams were bolted to a
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stationary frame in cantilever fashion, and loads and heat 
were applied accordingly (Figure 43). Each initially 
straight beam was subjected to four heating/cooling cycles 
to produce Category w movement (movement about the weak 
axis, as shown in Figure 43) or category S movement 
(movement about the strong axis). The heating conditions 
for the beams are shown in Table 31.
Plastic Rotations
To determine beam movements resulting from each heat, 
measurements were taken using a sliding measuring frame 
along a set of guide rails, which ran under the beam, 
parallel to it. Measurements were taken at eight 
locations along the beam and were used in a similar manner 
as for the plates to arrive at plastic rotations. Plastic 
rotations for each of the beams are shown in Table 32.
This topic is discussed more in Chapter VI.
Residual Stresses
Residual stresses were experimentally determined in 
the heated region of the beams, using the sectioning 
method, in all of the beams, eight strips were cut from 
each flange, and six strips were cut from the web (see 
Figures 44 and 45).
The shape of the extensometer used to measure the 
gage lengths prohibited obtaining stresses in the web 
within about 1.5 inches from either of the flanges, thus 
limiting stress readings to six strips. Also, for the
Side























Figure 45. Residual stress strip locations (Category W heat)
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Table 31. Heating conditions for undamaged wide flange 
beams.
Beam Vee angle Load Ratio Depth ratio Category
1-1 20 0.00 1.00 S
1-2 45 0.00 1.00 s
1-4 30 0.00 1.00 s
II-l 20 0.00 1.00 w
II-3 45 0.00 1.00 w
III-2 20 0.50 1.00 w
IV-5 45 0. 25 1.00 s
IV-6 45 0.50 1.00 s
Table
beams
32. Plastic rotations in undamaged wide flange
Beam
Plastic Rotation (milliradians)
Heat 1 Heat 2 Heat 3 Heat 4 AVG
1-1 2 .25 3.58 2 .85 3.48 3.04
1-2 3.77 6 .43 5 .51 5.70 5.35
1-4 3.94 2 . 54 4.96 5.33 4 .19
II-l 1.87 1.62 0.21 1.06 1 . 19
II-3 2.90 2.69 0.70 -3.00 0.82
III-2 7.57 6.77 6.93 5 . 28 6 .64
IV-5 8.94 6 . 50 6 . 50 No heat 7.31
IV-6 6 .83 7.00 7 .67 No heat 7 .17
same reason, only in strips 1 and 8 in the flanges were 
both sides of the strip measured. Although only one side 
was measured for strips 2 through 7, the results from 
strips 1 and 8 have shown that one side of the strip can 
be used to estimate the residual stress fairly well.
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An unheated specimen (Beam UH) was tested for 
residual stresses (Table 33 and Figure 46), to compare 
with the heated specimens. These stresses matched very 
closely with a plot of the residual stresses in a roller 
straightened W6x20 shape shown in the Structural Stability 
Research Council Guide to Stability Design Criteria for 
Metal Structures (1976). Roller straightening (or 
rotorizing) is a common mill practice for straightening 
small wide flange shapes to meet sweep and camber 
tolerances. The process redistributes and greatly reduces 
the initial residual stresses in the flanges (a 
characteristic evident in Beam UH, where these stresses 
are quite low) (SSRC 1976).
Values for the Category W, small vee angle Category 
S, and large vee angle Category S specimens are shown in 
Tables 34 through 36. Average residual stress 
distributions for the three categories are shown in Figure 
47. Individual residual stress distributions for each 
beam are shown in Appendix V. From the residual stress 
patterns in the heated undamaged beams, the following 
observations are made:
1. The patterns were significantly different in the 
Category s and Category W specimens.
2. Load ratio and depth ratio were again found to 
not significantly change the stress patterns, when all 
other parameters were held constant.
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Category W Heats 
Category S, Large Vee Angle 
Category S, Small Vee Angle
Figure 47. Average residual stresses in undamaged wide flange 
beams after Category W (sweep) and Category S (camber) heats
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Table 33. Experimentally determined residual stresses
in an unheated W6x9 specimen (Beam U H).
Residual Stress (KSI)
Strip Stress Strip Stress Strip Stress
TF1 5.08 W1 -9 .46 BF1 -4 .61
TF2 -3.34 W2 -12.22 BF2 -6 .09
TF3 0.58 W3 -13.60 BF3 6.31
TF4 10.51 W4 -14 .97 BF4 15.30
TF5 11.24 W5 -11 .64 BF5 11.75
TF6 3 .12 W6 -4 .20 BF6 1. 23
TF7 -1. 60 BF7 -0.44
TF8 -5 .08 BF8 0.61
3 . By classifying the 20- and 30-degree vee angles
as small and 45- degree vee angles as large, there were
significant pattern differences in the two classifications 
in the Category S specimens (no significant difference in 
Category W specimens).
4. The residual stresses are greatly increased when 
vee heats are applied to undamaged beams. With most (or 
all) of both flanges experiencing compressive stresses (in 
sweep and camber heats), column strength would be affected.
Conclusions
The study of plastic rotations and residual stresses 
in the undamaged wide flange beams provides a basis for 
comparison with damaged beams. The different heating 
configurations necessary for the heating of Category S and 
Category W wide flange sections, respectively, are found 
to produce different typical residual stress patterns.
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Table 34. Experimentally determined residual stresses 
in undamaged, Category W wide flange beams.
Strip
Residual Stress (KSI) 
in Beam #:
AVG.II-l II-3 III-2
TF1 -14.86 -14.39 -16 .68 -15.31
TF2 -8.99 -8.12 -11.09 -9.40
TF3 -4.50 -12.62 -8.99 -8.70
TF4 -11.96 -21.90 -10.37 -14.74
TF5 -16.82 -21.46 -14.07 -17 .45
TF6 -12.69 -15.66 -7.18 -11.84
TF7 -9.72 -9.57 -7 .25 -8.85
TF8 -14 .03 -16.25 -17 .01 -15 .76
W1 13 . 27 21.55 30.42 21.75
W2 14 . 07 22 . 51 30.38 22.32
W3 15 . 08 23.39 29 .33 22.60
W4 17 . 01 24.25 28.64 23 .30
W5 18.38 23 .96 22 .77 21 .70
W6 20.12 23.06 18.63 20 . 60
BF1 -22.27 -24 .76 -13.99 -20.34
BF2 -6 .16 -14 .43 -11.89 -10.83
BF3 -5 . 00 -18.34 -8.70 -10.68
BF4 -7 .83 -10.37 -16.82 -11.67
BF5 -9.57 -16.24 -15.73 -13.85
BF6 -11.38 -13.05 -7.61 -10.68
BF7 -16.02 -16.24 -3 .34 -11.87
BF8 -19.83 -24 .18 -14.14 -19.38
However, it is yet unknown what kind of residual stress
patterns exist in damaged wide flange sections that have
been repaired by heat straightening.
The following chapter is devoted to thei study of
damaged wide flange beams. A more detailed look at
plastic rotations is provided. Topics also include
residual stresses and material properties. The question
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of repetitive damage to heat straightened specimens is 
thoroughly addressed.
Table 35. Experimentally determined residual stresses 
in undamaged, Category S wide flange beams ("large" vee 
angles).*
Residual Stress (KSI) 
in Beam #:
Strip 1-2 IV-5 IV-6 AVG
TF1 -23.13 -23.97 -16.32 -21.14
TF2 -0.65 -1.60 -4.71 -2.32
TF3 0.94 2 .54 3.05 2 .18
TF4 2.76 5 .08 4 .06 3.97
TF5 1 . 23 0.94 3.63 1 . 93
TF6 -2.76 6.89 -0.58 1. 18
TF7 -3 . 99 5 .15 3 . 26 1.47
TF8 -16.32 -17 .59 -5 .99 -13.30
W1 28.53 34 .77 16 .32 26 . 54
W2 23.35 33.64 13.60 23 . 53
W3 25 .16 29.62 12.15 22 .31
W4 27.55 29.62 12 .15 20.58
W5 23 . 17 18.09 -0.76 13.50
W6 20.88 6 .46 -12.47 4.96
BF1 -44.01 -42.02 -22.55 -36 . 19
BF2 -44 .15 -25.23 0.07 -23.10
BF3 -31.25 6.09 7 .32 -5 . 95
BF4 -25.67 12.91 -2 .83 -5.20
BF5 -8.05 16.39 3 .19 3.84
BF6 -13.92 12 .18 5.73 1.33
BF7 -24 . 29 7 .47 -5.95 -7.59
BF8 -38.57 -41.62 -39.12 -39.77
* 45° vees.
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Table 36. Experimentally determined residual stresses 








TF1 -24.15 -22.59 -23.37
TF2 -22.62 -12.04 -17.33
TF3 -28.93 -8.56 -18.75
TF4 -18.85 -7 .83 -13.34
TF5 -22.40 -12 .47 -17.44
TF6 -21.17 -12.91 -17.04
TF7 -19.00 -11.46 -15.03
TF8 -19.87 -11.96 -15.91
W1 33.82 43 .11 38.47
W2 34 .66 41.84 38.25
W3 33.53 38.39 35.96
W4 34 .73 29.97 32 .35
W5 28.53 24 .69 26.61
W6 19.91 11.20 15.56
BF1 -36.11 -30.31 -33.21
BF2 -12.11 -3.91 -8.01
BF3 -9.57 -3.92 -6.75
BF4 -1. 09 -4.57 -2.83
BF5 -6 . 16 -6 .16 -6.16
BF6 -9.64 -5 . 08 -7 .36
BF7 -14.07 -16.17 -15.12
BF8 -34.44 -33.07 -33.76
* Small angles = 20 and 30 degrees.
CHAPTER VI
DAMAGED WIDE FLANGE BEAMS
With the exception of a few recent specimens (Avent 
and Fadous 1988), information regarding the heat 
straightening of damaged wide flange beams has been 
previously unavailable. For this reason, a number of 
experiments were designed to: (1) study the total heat
straightening process of a damaged member and, (2) answer 
questions concerning the feasibility and effects of 
repeatedly damaging/repairing a given member. This second 
point stemmed from the fact that once a member encounters 
damage and is heat straightened, the possibility exists 
that the same member will undergo damage again during its 
lifetime.
The primary focus of this research was to determine 
the variation in material properties of steel subjected to 
the repetitive damage/straightening process, as well as to 
find the change in residual stresses in the member. Thus, 
heating parameters were the same for all specimens. 
Practical information is also provided herein concerning 
plastic rotations in the context of an entire repair 
process, which consists of many heats. Two types of beams 
were studied, weak axis bending (category W) and strong 
axis bending (Category S). Weak axis damage is more 
conducive to pure heat straightening research, because
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local buckling (which requires hot mechanical 
straightening) can easily be prevented. Also, weak axis 
damage is similar to the type of damage often encountered 
in bridge girders from overheight vehicles (usually only 
one flange is damaged).
Weak Axis Damage
Four beams (W6x9's) were used in the study. Each 
beam was damaged about its weak axis to an angle of about 
seven degrees (approximately the same as the least damaged 
of the deformed plates). Each beam was repaired using a 
45 degree vee with a depth ratio of 0.75 and a load ratio 
of 0.5. The vee angle and depth ratio were initially 
chosen for two reasons: (1) To investigate the
shortening caused by such a depth ratio, and (2) because 
a 45 degree vee provides maximum movement without creating 
too large a heating area (a factor significant in causing 
local flange buckling during the straightening process). 
Further precautions were taken against buckling by placing 
one C-clamp around the two flanges at the center of the 
open end of the vees. This prevented the buckling, but it 
did not hinder plastic rotation. Without such 
precautions, flange buckling is inevitable, as was 
concluded by studying various size members in preliminary 
experiments.
The number of damage/repair cycles varied for each of 
the beams (Table 37). Each repair cycle consisted of
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XXI-1/1 7 .34 128.1 20 6 .85 0.28
XXI-2/1 7.67 133.9 20 6.65 0.30
XXI-2/2 8.22 143.5 23 6.70 0.26
XXI-3/1 7 .15 124 .8 18 6 .64 0 .16
XXI-3/2 7 .21 125.8 22 5.93 0.26
XXI-3/3 7 .14 124.7 19 6 .19 0.28
XXI-3/4 7 .17 125 . 2 21 6 .30 0.29
XXI-4/1 7 .06 123.2 18 6.42 0.28
XXI-4/2 6.56 114.4 17 6.52 0.17
XXI-4/3 7 . 50 131.0 21 5.91 0.33
XXI-4/4 7 . 20 125 . 7 20 6 .12 0.39
XXI-4/5 6 .87 119.9 21 5 .68 0 .39
XXI-4/6 6.42 112.0 13*
XX.I-4/7 7 . 16 125.0 16*
XXI-4/8 7 . 27 126.9 13*
*Some heats included two vees due 
**Repair cycle number.
to time constraints.
approximately 20 heats, with the average plastic rotation 
shown for each repair cycle (individual plastic rotations 
are presented in Appendix VI). Each time a beam was 
damaged and straightened, a net shortening of about one- 
tenth of an inch occurred in the heated region (Table 
38). These values match very well with the plate 
shortening equation in Chapter III. It is therefore 
recommended that Equation 10 be applied to wide flange 
beams as well as plates.
With the shortening, a thickening developed in the 
middle region, causing a spreading of the yield zone in 
each subsequent bend as seen in Figure 48 (values shown in
I f -  »  - ’t
Figure 48. spreading of yield zone in subsequent 
damaged wide flange beam specimens
bends
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Table 38. Shortening resulting from each damage/repair 
cycle (initial measurement length = 22", average damage = 
7.20°)
Measurement of Beam after Damage/Repair Cycle #:
1
Beam
2 3 4 5 6 7 S
1 21.93
3 21.924 -----
21 . 80 





21.51 21.47 21.35 21. 23 21.12
AVERAGE: 




0.08 0 .13 0.11 0.12 0.09 0.12 0.12 0 . 12
TOTAL AVG SHORTENING FOR ALL CYCLES = 0.11"
Table 39). The thickening resulted in a smoother 
distribution of curvature (due to thinner portions further 
from the centerline tending to yield earlier than before), 
although the total angle of damage was kept as consistent 
as possible for each bend. Due to the larger yield zone, 
the heat locations were added to accommodate the spread. 
Additional locations used are shown in Figure 49. With 
the number of heats required to straighten each bend 
remaining fairly consistent, classification of damage 
became based on angle of damage rather than curvature, a 
factor of more importance in the study of damaged plates 






Figure 49. Heat locations used for damaged beams, with Regions A, 
B, and C for residual stress measurements shown
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Table 39. Increasing yield zone after each damage/repair 
cycle (see Figure 48).
Length 
(Top row
of yield zone 
= top fiber, :
(in inches) after Bend #: 
bottom row = bottom fibers.)
1
Beam













































The individual plastic rotation values for each heat 
are presented in Appendix VI. With most of the plastic 
rotation data in the past being restricted to a few values 
per member, there was no evidence that plastic rotations 
experience any changes as a particular straightening 
process progressed, especially when a great number of 
heats were required. Therefore, data from the four damaged 
beams were used to investigate any changes (of statistical 
significance) in the plastic rotations throughout a 
straightening process, even with all heating parameters 
remaining constant. The primary goals were: (1) to compare
144
the plastic rotations resulting from any given heat to 
another within a given straightening process; (2) to 
determine any differences in plastic rotations from one 
repair cycle to the next; and (3) to point out any 
relevant trends in the plastic rotation values.
The initial investigation was twofold. First, only 
the 1st bends of each of the four specimens were 
considered (using a dependent samples test) to investigate 
any trends concerning plastic rotation values within a 
given process. Second, the first bend of one specimen was 
compared with the 2nd, 3rd, 4th, and 5th bends, 
respectively, of all the other specimens combined (using 
an independent samples test on means), to investigate 
differences, if any, between the plastic rotations in 
different repair cycles.
Comparison of Heats Within a Given Repair Cvcle
Since each beam was damaged at least once, plastic 
rotation data from all of the specimens were considered. 
The method used is known as a dependent samples t-test 
(Hicks 1982). This method is used when one has the same 
sample "before and after" some treatment has been applied. 
The usual procedure is to take differences between the 
first and second observations (in this case, two plastic 
rotations at different heat numbers) on the same specimen, 
and test the hypothesis that the "mean difference" (using 
all four beams),f^o, between the two plastic rotations in
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question is zero (This would actually mean that there is 
no significant difference). This reduces the problem to a 
test on a single mean:
Hypothesis "zero": Hq : = 0
Hypothesis "one" : H i : /-tD = 0 ( > 0)
with 'n' differences, a
The test statistic, t, is as follows:
dt = .........   (12)
sd/ n
(with n-1 degrees of freedom).
Reject if t > ti_a/2 (or t >. ti_a ) .
A sample of n is chosen (with all four beams considered, n
= 4 ) .  Two sets of measurements are taken (for example 
plastic rotations for heat number 1 on all beams and
plastic rotations for heat number 2 on all beams).
Differences are computed for each beam. The mean of these
differences, d, is computed, along with their standard
deviation, s^. From the above equation, t is found and 
from this value, a decision regarding the hypothesis Hi is 
made. To illustrate the method, the plastic rotations 
(shown in milliradians) for the first two heat numbers are 
compared:
Beam: XXI-1 XXI-2 XXI-3 XXI-4
P.R. for Ht #1: 10.97 12.16 6.14 10.39
P.R. for Ht #2: 4.94 5.52 7.61 10.06
Difference, d: 6.03 6.64 -1.47 0.33
Mean difference, d = 2.88 
Std. dev., sd = 4.06 
n = 4
degrees of freedom, df = n - 1 = 3 
From the Student's t-distribution table (Benjamin and 
Cornell 1970), the following "P-value" was found for the 
above conditions:
P = 87.5%
This P-value indicates that there is an 87.5% confidence 
level, given the four plates studied, that the plastic 
rotation resulting from heat number 1 would be greater 
than the plastic rotation resulting from heat number 2. 
Here it becomes obvious that the number of samples used 
will drastically affect the results. For example if the 
same mean difference and standard deviation were found, 
using 16 beams instead of 4, the resulting P-value would 
be over 99%. However, with that many samples, it is 
unlikely that these values would be even remotely similar.
The value of 87.5% is not considered high (hypotheses 
are often tested in the 95% to 97.5% range). Thus, the 
hypothesis H ^ , which suggests that plastic rotations will 
be greater for the first heat than for the second heat 
should be rejected.
P-values were found, comparing each heat number with 
each other. These values are shown in Table 40. The 
numbers in the table represent the confidence level that 
the heat on the horizontal axis will have cause less
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Table 40. P-values for comparing plastic rotations at 
different heat numbers within a straightening process.
The P-values shown indicate the confidence level that the 
heat represented by the number on the horizontal axis will 
produce less plastic rotation than the heat represented by 
the number on the vertical axis.
Ht# 1 2 3 4 5 6 7 8 9
1   87.2 96.3 95.2 93.0 92.3 97.9 91.5 78.2
2   84.2 82.4 67.4 50.0 57.2 50.0 24.1
3   60.8 42.7 21.7 39.2 21.7 8.5
4   32.6 6.3 32.6 10.4 4.8
5   21.7 42.7 11.5 4.8
6   60.8 46.3 3.7
7   39.2 6.3
8   3.4
Ht # 10 11 12 13 14 15 16 17
1 93.7 94 . 2 92 .3 96 .3 96.6 98.2 97 .3 96 .9
2 46 .3 70.5 50.0 64 . 2 73.3 91. 5 87 . 2 84.2
3 17 .6 29 . 5 21.7 50.0 60.8 92 .3 84 . 2 78.3
4 5.8 2.3 7.6 39.2 53 .7 93 . 7 88.5 80.4
5 26.7 46.3 29 . 5 53.7 64 . 2 84 .2 96 . 9 92.3
6 39 . 2 78.3 42 . 7 80.5 90.6 96 . 0 99.9 98.2
7 29 .5 53 .7 64 .2 70.5 73.3 88.5 87 . 2 89 .6
8 42 . 7 73 .3 53.7 75.9 84 . 2 93.7 99.9 98.9
9 91.5 91.5 93 .7 96 .0 96 .3 96 .9 99.6 99 . 9
10 ---- 84 . 2 60 .8 93.7 99.0 99 . 0 97 .7 95 .6
11 ---- 78.3 57.3 78.3 97.9 93.0 87 . 2
12 ---- 92.3 98.4 98.0 97 .5 96.0
13 ---- 78.3 92.3 84 .2 85 .8
14 ---- 96.3 80.5 78.3
15 ---- 42.7 46 .3
16 ---- 64 . 2
17 _ •— _ _■
plastic rotation than the heat on the vertical axis.
High P-values were common when comparing various 
heats to heat #1. This results from the relatively high
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plastic rotations experienced from the first heat (a 
characteristic observed in many damaged specimens, 
including plates and full-scale, simulated bridge 
girders). It is suspected that the higher rotations in 
the first heats are the result of residual stresses 
resulting from the damaging process.
From Table 40, it appears that the probability is 
high that the heats toward the end of the heating process 
will produce slightly lower plastic rotations. This could 
have resulted from the fact that toward the end of the 
heating process, heats are more localized (because most of 
the plate has already been straightened). However, when 
examining these P-values (for the heats toward the end of 
the process), the "high” values (over 95%) are found only 
when comparing with heats 6, 8, 9, 10, and 12. This 
indicates that heats 6, 8, 9, 10, and 12 exhibited 
unusually high plastic rotations (obviously a matter of 
chance, not statistical significance).
Most of the other P-values were found to be far below 
95%, and the few that are above 95% do not exhibit any 
noticeable pattern or trend in the amount of plastic 
rotation experienced throughout the straightening process. 
Therefore, after the first heat, it seems that at any 
point during the straightening process, one should expect 
similar plastic rotations.
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Average Plastic Rotations in Different Repair Cycles
After the above discovery, a relatively simple check 
was made to determine if the number of damage/repair 
cycles that a member has been through affects plastic 
rotation. As mentioned previously, beams damaged more 
than once exhibit different curvature and experience 
thickening resulting from previous repairs (and, as seen 
below, have different material properties). It is assumed 
that for these beams, just as in those damaged only once, 
the plastic rotation values within the given repair cycle 
will exhibit no significant trends.
However, to compare plastic rotations, in different 
repair cycles, independent sample t-tests (Issa 1978,
Hicks 1982) were utilized. Since beam XXI-1 only 
experienced 1 damage/repair cycle, its plastic rotation 
values were chosen to be compared with the plastic 
rotation values from all the beams that experienced 2, 3, 
4, and 5 bends, respectively. In this way, the maximum 
number of samples could be utilized, while still insuring 
independence.
First, the means and standard deviations of the 
plastic rotations were grouped by repair cycle (see Table 
41). The following equations were used to determine the 
test statistic, t', and the degrees of freedom, d f :
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# of Samples 
(n)





6 . 18 1.60 60
3rd Bend
XXI-3
XXI-4 6 . 01 1.90 40
4th Bend
XXI-3
XXI-4 6 . 20 2 .14 40
5th Bend XXI-4 5 . 68 2.25 21
t ’ = y T - Y~2 ..... (13)
Siz s 2'
  + ____
n- n 2
df =




Sl 2 s 2 2
I 3 i-* I + . n 2
ni + 1 n 2 + 1
-  2 (14)
The Student's t distribution table was again utilized, 
yielding the P-values shown in Table 42. As can be seen, 
the P-values were quite low. This indicates that no
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*P-values represent the confidence level that the average 
plastic rotations in the repair cycle shown will be less 
than in the 1st repair cycle.
matter how many times a member has been damaged, plastic 
rotations will be close in value to those experienced 
during the first repair cycle, despite any material 
property differences or plate thickening.
Plastic Rotation Prediction Equation (Category VH
As in angles and channels, it is desirable to predict 
plastic rotations in wide flange sections, based on 
variations in heating parameters. In a past study (Avent 
and Fadous 1988), a preliminary equation was developed to 
predict movements in rolled shapes (including wide 
flanges) based upon the location of the stiffening element 
with respect to the vee apex and relative to the vee depth 
(in the case of Category W wide flange sections, the 
stiffening element is the web). It was concluded, based 
on limited and quite scattered data, that in undamaged 
Category W wide flange specimens, the stiffening element 
(web) has no apparent effect on the plastic rotations.
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Boudreaux concluded that, for this type of heating 
pattern, the plate equation was valid. However, it has 
already been pointed out that Boudreaux's plate equation 
was influenced by Roeder's extremely high experimental 
plastic rotations. Also, many of Boudreaux's plastic 
rotations in the Category W wide flange specimens were 
higher than even his plate equation would suggest.
The complex heating pattern for this type of damage 
does not immediately lend itself to a simple "folded 
plate" approach used for angles and channels to relate 
plastic rotations. However, it is reasonable to assume 
that the web (stiffening element) would have less effect 
on plastic rotations in this type of heating than it 
would, for example, for channels or angles with the 
stiffening element at the open end of the vee. In fact, 
the wide flange beam could actually be considered as a 
channel with its web shifted to the center of the two 
flanges. Recall equation lib:
4>c = <|>p [l + 1/2 (ds )(bs )/w2] ......... (lib)
In the case of a Category W wide flange heat, the value 
for ds/w is always 1/2. For a W6x9 specimen, b s = 6" and 
w = 4", thus Equation lib indicates 37.5 percent larger 
movements in Category W wide flanges than in plates.
In the repetitively damaged beams, the average 
plastic rotation (for 215 heats) was 6.30 milliradians.
The modified plate equation (Eqn. 4b) for the same heating
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conditions (45o vee and 0.50 load ratio) yields a value of 
5.32 milliradians (the actual average for the damaged 
plates was 5.58 milliradians). It is apparent from these 
data alone, that an increase of only 18% over the modified 
plate equation in Chapter III exists for plastic rotations 
in Category W wide flange specimens.
When examining experimental data for the damaged 
beams, their relationship to plate plastic rotations seem 
to possess the same magnification characteristic that was 
initially assumed for both angles and channels (see 
geometric considerations in Chapter IV). In other words, 
the magnification would be 1/4 instead of 1/2 to 
accurately represent the geometric effects on plastic 
rotations, because only 1/2 of the section is considered 
due to symmetry. Thus, plastic rotations for Category W 
wide flanges heat may be rationally estimated using the 
following equation:
^ wf (w ) = «>p U  + 1/4 (ds ) (bs )/w2] ........... (15)
Equation 15 represented the data well (Figure 50) and 
should be valid for the estimation of plastic rotations 
in damaged Category w wide flanges with depth ratios 
between 0.7 5 and 1.00. Regardless of the depth ratio, for 
Category W beams, the load ratio should not affect the 
beam-to-plate movement ratio, at least in damaged 
specimens. Three undamaged Category W specimens in the 


















  Wide Flange Equation 15 (Category W)
OOOOO Avg Plastic Rotation for W6x9 Category W (215 Heats) 









W6x9 (Category W) 
Load Ratio 0.50
10 20 30 400 50 7060 80 90
Vee Angle (Degrees)
Figure 50. Comparison of plastic rotations in repetitively damaged,
Category W wide flange beams with Equations 15 and 4b
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three, two agreed well with Equation 15. The other 
exhibited rather high values, as were found in some, 
though not all, of Boudreaux's specimens. As shown later 
in this chapter, residual stresses in the damaged beams 
are entirely different than in the undamaged specimens, 
and this fact could be a major reason why the plastic 
rotations also differ in some cases. Thus, for damaged 
specimens, conclusions should not be made from a few heats 
on undamaged specimens.
Statistically Based Predictions for Damage Repair
As for plates, it is important to be able to predict, 
with a given amount of certainty, the number of heats 
necessary to repair a given amount of damage. For this 
reason, deBejar (1991) again applied both the theory of 
reliability and spectral analysis (see Chapter III) to the 
damaged beam data to obtain such predictions.
The following equations were developed to predict the 
number of heats required to repair a wide flange beam 
damaged about its weak axis to a known degree of damage, 
using a 45° vee angle, 0.75 depth ratio, a load ratio of 
0.5, and a heating temperature of 1200°F. A general 
expression to predict the number of heats required to 
straighten a given damage angle was formulated using one 
sample test (beam) for each of the repair cycles. Using 
the principal statistics of the sample, one obtains
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N = ki + R-Vi./Fi ................. (16)
where R is the target reliability index, = <J>D/mi, and Vj_
= (Tj/mi is the coefficient of variation of the plastic 
rotations.
An excellent engineering predictor for N (with target 
reliability R = 2) was developed, independent of the 
principal statistics of any given sample for any repair 
cycle:
XN =   • [ 1 + 0.11 X * (8 - r)] (17)
(6 - r)
where r is the number of the corresponding repair cycle, X 
= !>[), and is given in milliradians. The probability of
certainty is approximately 98%.
Following the same methodology applied earlier to 
plate specimens, the estimation of N, as provided by the 
theory of reliability were theoretically verified using 
spectral analysis in the frequency domain. A summary of 
the results are shown in Table 43. As for the plates, 
excellent agreement was found between all methods used, 
and the actual number of heats required for straightening 
the beams. It is obvious from these results, as seen from 
the independent samples t-test, that the number of heats 





Comparison of different 
required for damage repair
estimates of the number 
(from deBejar, et. al,




Eqn. 16 Eqn. 17
Analysis (Tests)**
XXI-2/1 23 25 25 23
XXI-3/2 22 24 26 23
XXI-3/3 23 23 24 21
XXI-3/4 23 22 23 21
XXI-4/5 26 25 26 22
*One representative sample was chosen for each 
cycle.
repair
**The actual number of heats required for complete 
straightening.
Residual Stresses
Residual stresses were experimentally determined by 
the sectioning method. The stresses were fairly 
consistent in the beams with one and two damage/repair 
cycles and fairly consistent in those with with four and 
eight damage/repair cycles. This indicates that the 
number of bends might affect the distribution. No 
conclusions can be made concerning heating parameter 
variations in the repetitively damaged specimens, due to 
the fact that vee angle, depth ratio, and load ratio were 
consistent for all the specimens. Values of all residual 
stresses computed for the damaged beams are given in 
Tables 44 through 48. Values are shown, using an 
estimated modulus of elasticity of 29,000 ksi as well as
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Table 44. Residual stresses in damaged beams (1 and 2









TF2 5 . 58 6.02
TF3 12 .69 6.96
TF4 15 .15 7 .90
TF5 18 .13 10.66
TF6 21.75 17 .62
TF7 19.94 15.88
TF8 -7 .76 8.23
W1 -14 .32 N . A .
W2 -9 . 90 N.A.
W3 -6 . 50 N.A.
W4 -5 . 58 N.A.
W5 -7 . 14 N.A. AVG OF ALL
W6 -13.85 N.A. FLANGES
BF1 4 .46 -5 . 22 0.80
BF2 10.30 4.42 6 .58
BF3 10.65 6 .09 9 . 10
BF4 8 . 19 3.77 8.75
BF5 16.45 4 .57 12.45
BF6 16.39 11.60 16 . 84
BF7 23 .42 17 .76 19.25
BF8 12.44 3.95 4.22
N .A . = Not 
shortening.
available because of web distortion due to
the actual values of E obtained from tensile tests on 
specimens taken from the central damage region (see 
section on material properties). Stresses in Beams XXI-3 
and XXI-4 were also found in 4-inch regions whose centers 
were four inches to the left and right of the center of 
damage, respectively to determine how the residual
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Table 45. Residual stresses in damaged beams (1 and 2









TF2 6 .52 5.12
TF3 12 .69 5.11
TF4 12 .59 4 .88
TF5 16.25 7.65
TF6 20.93 14.40
TF7 20.42 14.51 AVG OF ALL
TF8 -8.46 8.34 FLANGES
BF1 4 .46 -5.06 0.79
BF2 12.04 3.76 6.65
BF3 10.65 4 .47 7.91
BF4 6 .81 2.33 6.34
BF5 14.75 3.28 10.05
BF6 15.77 9.48 14 .98
BF7 23 . 99 16.23 18.65
BF8 13 . 56 4.00 4 .44
N.A. = Not 
shortening,
available because of web distortion due to
stresses changed depending on their location with respect 
to the damaged area (Figure 49). Individual residual 
stress distributions for all of the damaged beams are 
shown in Appendix VII.
Figures 51 (using assumed E) and 52 (using measured 
E's) show the average residual stresses in the flanges of 
the specimens for the different categories and locations 
(the shortening of the beams prevented the measurement of 
residual stresses in the webs, except for XXI-1). The 
















-4 0 -2 0  0
 4 and 8 Repair Cycles (Region B)
— 4 and 8 Repair Cycles (Regions A and C)
1 and 2 Repair Cycles
Figure 51. Residual stress distributions in damaged, Category w
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Figure 52. Residual stress distributions in damaged. Category w
wide flange beams (measured E values used from tensile tests)
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Table 46. Residual stresses in damaged beams 
(4 and 8 damage/repair cycles) at Region B (assumed 
E = 29,000 ksi).
Residual Stress (KSI) 
in Beam
Strip # XXI-3 XXI-4
TF1 1.41 -20.08
TF2 15.52 -12 .40
TF3 24 .51 16.02
TF4 19 .29 21 .61
TF5 29 . 94 32 .41
TF6 34 .51 25 .01 AVG OF ALL
TF7 12 . 73* 12 .98 FLANGES
TF8 -8 .05 -13.20 (LOCATION B)
BF1 -13.63 -1 . 52 -8.46
BF2 17.91 - -7 .76 3.32
BF3 23 .64 2 .90 16 . 77
BF4 16 .60 2.83 15 . 08
BF5 27 .19 -2 . 18 21 .84
BF6 39 .01 7 .90 26.61
BF7 35.02 10.59 19.53
BF8 -10.42 -8. 12 -9.94
Note: Web 
distortion
stresses not available 
due to shortening.
because of web
*Reading unavailable, so the average of strips 6 and 8 was 
used.
through 48. Residual stress plots for each individual 
beam are presented in Appendix VII.
It is interesting to note that the residual stress 
patterns in all of these beams were exactly opposite in 
nature than in the undamaged beams, i.e., tension in the 
flanges and compression in the web. This is probably a 
result of the closing action of the vees in the flanges 
compressing the web (as was obvious by severe web buckling
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Table 47. Residual stresses in damaged beams
(4 and 8 damage/repair cycles) at Region B
(measured E values used).
Strip #




TF2 18 .04 -16.55
TF3 18 .00 22 .04
TF4 19.16 29.21
TF5 32.31 44 .14
TF6 40.22 34 .22 AVG OF ALL
TF7 14 .74* 17 . 90 FLANGES
TF8 -10.74 -19 .12 (LOCATION B)
BF1 -17.01 -2.02 -10.88
BF2 20.81 -10.36 4 .14
BF3 25 .51 3.89 20.30
BF4 16 .49 3.83 17 .68
BF5 29 .35 -2 .97 26.81
BF6 45 .47 10.79 34 .13
BF7 43 .71 14.61 26 . 13
BF8 -13.86 -11.76 -13.22
Note: Web stresses not available because of web
distortion due to shortening.
*Reading unavailable, so 
used.
the average of strips 6 and 8 was
after a number of damage/repair cycles. The residual 
stress distribution is ideal for column members, and thus, 
it is likely that sweep-type heat straightening using vee 
heats is viable for column repair. However the web 
buckling, if not controlled could definitely limit the 
number of times a given column could be sufficiently 
repaired.
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Table 48. Residual stresses in damaged beams
(4 and 8 damage/repair cycles) at Regions A and c







Loc. A L OC. C LOC . A LOC . C
TF1 -9 .14 13 . 70 36 .07 14 . 90
TF2 6 .96 13 .63 14.65 23.93
TF3 5.37 8.63 19 .43 19 . 14
TF4 0 .87 -8.27 3 .84 5.58
TF5 8.34 ■15 .30 10 .15 -8.99
TF6 12 .18 10 .29 13 . 20 6.96 AVG OF
TF7 8. 27 6 .24 8.56 7 . 25 ALL
TF8 -6 .13 5 .33 2 .07 10.84 FLANGES
BF1 3.62 -9 .61 11 .38 2 .61 7 .94
BF2 7 .69 8.04 12 .69 13 . 56 12.64
BF3 3 .34 2.39 16 .46 13.49 11 .03
BF4 -8.41 1 .74 9.57 7 . 25 1.52
BF5 -6.45 9 . 14 5.87 5.73 1 . 06
BF6 7 .98 12 . 62 15 .66 16 .17 11.88
BF7 17 .33 9 .28 20.01 8.70 10.71
BF8 12 . 22 -6.31 15.62 6.09 4 .97
Note : web stresses not available because of web
distortion due to shortening
Material Properties
Tensile tests were conducted on the damaged beams, to 
determine the same properties as for the deformed plates. 
Table 49 shows the results of the tensile tests. The 
values for the unheated specimens were very consistent in 
all four categories of material properties given. The 
largest yield and tensile stresses in the heated
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XXI-1/(UH) 45.4 67 .4 43 63
XXI-1/ 2 57.7 73 .6 30 62
XXI-1/ 4 53 .9 73.4 36 64
XXI-1/ 8 49.4 70.2 29 64
XXI-2/(U H ) 47 .6 68.3 42 66
XXI-2/ 2 63 .5 78.0 31 60
XXI-2/ 4 51.3 75.4 32 61
XXI-2/ 8 52.2 71.0 31 65
XXI-3/(UH) 45.8 68 . 0 43 65
XXI-3/ 2 70.9 82.5 22 59
XXI-3/ 4 56.6 75 . 3 26 57
XXI-3/ 8 52.7 75.9 27 42
XXI-4/(UH) 46 . 8 68. 1 45 66
XXI-4/ 2 88.1 99 .1 15 41
XXI-4/ 4 51.3 76.3 24 52
XXI-4/ 8 49 . 8 71.5 23 61
Rate of Strain = 0. 2206 in/in per minute up to yield
= 0. 8824 in/in per minute up to failure.
*All values have been converted to represent an ASTM
standard sized specimen (see ASTM A370 section 11.6.1). A
1-inch gage length was used.
specimens were observed in the vee apex region (recall the 
same characteristic in the damaged plates), although the 
stresses were also fairly large in the mid-vee region and 
at the open end of the vee. changes in ductility also 
followed the same pattern as in the plates. In fact, all 
of the property changes in beam XXI-1 resembled those for 
plate XXV-8 (recall that this was the only plate heated 
with a 0.75 depth vee). This was to be expected, since
166
the heating parameters were identical for these two 
members.
Table 50 shows the moduli of elasticity for all of 
the tensile specimens. The values differ from the damaged 
plate values in that they were not as low in general, and 
the lowest values were found in the middle region of the 
flanges rather than at the open end of the vee. It seems 
possible that, from the results of the damaged plates and 
the damaged beams, one can assume that original E values 
for a given specimen (before damage) will be more closely 
maintained when 3/4-depth vees are used.
Changes in all the material properties became more 
evident with the increasing number of damage/repair 
cycles. Table 51 shows the percentages of individual 
properties in relation to unheated specimens taken from 
each beam and in relation to the ASTM standard values 
(yield stress = 36 ksi, tensile stress = 67 ksi, and 
percent elongation = 34). Although, after two 
damage/repair cycles, the property changes still compared 
well with plate XXV-8, after four bends, the increase in 
yield and tensile stress, and the loss in ductility were 
sharp. This trend continued until, after eight cycles, 
the yield stress was a significantly high 88.1 ksi, with a 
ductility loss of 67 percent. Figures 53 through 55 
illustrate the trends in stress increase and ductility 
loss as a function of repair cycle number.
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Figure 55. Percent elongation vs. number of repair cycles
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Modulus of Elasticity 
(ksi x 103 )
XXI-1/(U H ) 32 .3
XXI-1/ 2 33.9
XXI-1/ 4 24 . 1
XXI-1/ 8 31.6
XXI-2/(UH) 29.4
XXI-2/ 2 24 .7
XXI-2/ 4 17 . 9
XXI-2/ 8 29 .4




XXI-4/(U H ) 38.7
XXI-4/ 2 39.2
XXI-4/ 4 ----------
XXI-4/ 8 —  —  —
As mentioned in Chapter III, the point at which loss 
in ductility becomes dangerous is case specific. However, 
the extreme losses encountered in the repetitively damaged 
beams show that there is probably a limit to the number of 
times that any given member should be repaired. It seems 
that after two cycles, the properties resemble those after 
one cycle. Thus, whatever is safe to straighten once 
could be safely straightened twice under the same 
conditions.
The ductility losses are significantly greater after 
4 and 8 damage/repair cycles, respectively. These 
findings are further substantiated by the fact that during
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Table 51. Comparison of material properties in heat- 




Yield Stress Tensile Stress % Elongation
%UH %ASTM %UH %ASTM %UH % ASTM*
XXI-1/2 127 160 109 110 69 88
XXI-1/4 119 150 109 110 85 106
XXI-1/8 109 137 104 105 69 85
XXI-2/2 133 176 114 116 74 91
XXI-2/4 108 143 110 113 79 94
XXI-2/8 110 145 104 106 74 91
XXI-3/2 155 197 121 123 51 65
XXI-3/4 124 157 111 112 62 76
XXI-3/8 115 146 112 113 64 79
XXI-4/2 188 244 146 148 33 44
XXI-4/4 110 143 112 114 54 71
XXI-4/8 106 138 105 107 51 68
* Converted values: for ASTM standard size specimens were
used.
the study of full- scale simulated bridge girders (in
conjunction with this research), one girder exhibited 
brittle behavior by cracking during a heat in its third 
repair cycle. It is concluded that until further research 
is conducted, members damaged more than twice should not 
be subjected to heat straightening.
Strong Axis Damage
Beam XXI-1 was subjected to strong axis damage to 
determine plastic rotations and residual stresses 
resulting from heat straightening a damaged Category C 
specimen. Fifteen heats (full-depth,45° vee, 0.5 LR) were 
necessary to straighten the beam, which was damaged to an
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angle of approximately 6.5°. It should be noted that some 
local buckling occurred in the top flange during the 
damaging process, resulting from the compression it 
experienced. This local buckling was removed by hot 
mechanical straightening before heat straightening was 
applied.
Plastic Rotations (Category S)
As in the other shapes studied, the plastic rotations 
in the Category S wide flanges were related to those of 
the plates. To illustrate the geometric relationship, 
consider the wide flange shape in Figure 56a. Two flange 
legs are folded (Figure 56b) to become a "continuation" of 
the web (Figure 52c). The shape then resembles a plate 
with a partial depth vee applied along with a rectangular 
heat (Top flanges not considered).
The geometric considerations appear very similar to 
those used for angles (see Chapter IV). However, it is 
likely that load ratio does not have the significant 
affect that it had on the angles, because the stresses are 
lower in the stiffening element of the wide flange shape. 
In fact, for a load ratio of 0.5, the stresses are 20.2 
ksi as compared to the value of 28.71 ksi calculated for 
the laterally unsupported angle in Chapter IV (Table 23).
With the load ratio not considered as a multiple 
factor in comparing with the plate equation, the form of 













Figure 56. Geometric relationship between Category S wide 
flanges and plates
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the Category S beams:
4>wf(s) = 4>p [ 1 + 1/2 (ds )(bs )/w2 ] ........... (18)
For all Category S wide flanges, ds/w = 1. For W6x9 
shapes, b s = 4", and w = 6" (in this case w is the depth 
of the web and bs is the width of the flange). With these 
values, the Equation 18 yields the following:
<t>wf (s) = <t>p [ 1 + 1/2 (1) (4/6) ]
= 1.33 <))p
The individual plastic rotations for the Category S 
beams are presented in Table 52. As for the Category W 
beams, higher plastic rotations were experienced than for 
plates under the same heating conditions. The average 
actual plastic rotation was 7.57 milliradians, as compared 
to the value of 5.32 milliradians from the plate equation 
4b. Thus, the predicted value is 7.08 or 93% of the 
actual. It is therefore apparent that Equation 18 well 
represents the plastic rotations in the damaged Category S 
wide flange specimen (Figure 57).
Plastic rotations were also found for five undamaged 
Category S beams (Table 32 in Chapter V ) . Most of these 
values were significantly higher than those determined by 
Equation 18 (although specimen IV-6 matched the Equation 
18 almost exactly). Comparisons are shown in Table 53.

















  Wide Flange Equation 18 (Category S)
OOOOO Average Plastic Rotations for W6x9 Category S (15 Heats) 








W6x9 (Category S) 
Load Ratio = 0.50
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Vee Angle (Degrees)
Figure 57. Comparison of data from Beam XX-1 with Equations 18 and 4b
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Table 52. Individual plastic rotations for a damaged, 
Category S wide flange beam (specimen XX-1).













13 3 . 85
14 8.15
15 10.49
Average 7 . 57
with lower load ratios experienced the largest movements 
relative to Equation 18.
Differences between damaged and undamaged specimens 
are likely a result of their significantly different 
residual stress patterns (see below). An in-depth 
theoretical study is necessary to conclude this. Because 
of the relatively low number of heats applied to each 
undamaged specimen, along with wide scatter in plastic 
rotation values and differences in residual stresses, it 
is suggested that they not be used as a basis for 
















1-1 20 0.00 3.04 1.09 2 .78
1-2 45 0.00 5 .35 2.45 2.18
1-4 30 0.00 4 .19 1.63 2 .56
IV-5 45 0.25 7.31 4.76 1.53
IV-6 45 0.50 7 .17 7.08 1.01
Residual Stresses
The residual stress distribution for Beam XX-1 is
shown in Figure 58. The individual values are shown in
Table 54. The stress pattern resembles those of the 
undamaged specimens, with compression throughout both 
flanges and tension in the center portion of the web. 
However the compressive stresses are much higher than in 
the undamaged specimens, especially near the junctions of 
the flanges and the web (some undamaged specimens actually 
had low tensile stresses in this region). Compressive 
stresses are greatest near the flange tips, as in most of 
the other types of specimens studied, and these stresses 





Figure 58. Stresses in Beam XX-1 (45° vee, M/Mp = 0.50, depth ratio
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Table 54. Residual stresses in a damaged, Category S-
wide flange beam (specimen XX-1).
Residual Stress (ksi)
Strip # Top Flange Web Bottom Flange
1 -25.34 25.70 -33.10
2 -19.07 23.04 -19.58
3 -14.72 22.15 -19.87
4 -37 .77 24 .90 -31.68
5 -44.44 24 .75 -18.05
6 -13 .41 26 .83 -14 .50
7 -11.93 ----- -33.57
8 -10.44 -46 .62
Conclusions
The damaged beam study answered many previously asked 
questions about heat straightening. General equations 
used for other, more simple rolled shapes were found to be 
useful for predicting plastic rotations for several wide 
flange specimens damaged about their weak axes and for one 
specimen damaged about its strong axis. The plastic 
rotations were quite consistent (with the exception of the 
first heat of each repair cycle), regardless of the number 
of heats previously applied within a given repair cycle or 
the number of damage/repair cycles previously experienced. 
A statistical study allowed for the
Residual stress patterns were also consistent for 
various categories of beams: (1) Category W, 1 and 2
damage/repair cycles; (2) Category W, 4 and 8 
damage/repair cycles; and (3) Category S. The stresses 
were found to be quite different than those in undamaged
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specimens heated with the same heating patterns. It is 
likely that these stresses are responsible for differences 
in plastic rotations experienced in damaged and undamaged 
specimens.
Material properties were affected by each 
damage/repair cycle experienced. Most significantly, 
yield stress increased greatly and percent elongation was 
drastically reduced after, at most four damage/repair 
cycles (possibly three). A suggestion of an upper limit 
of 2 damage/repair cycles on heat straightening was made. 
Properties after 1 and 2 damage/repair cycles were similar 
to each other and resembled those of a plate which was 
damaged once and subjected to the same heating parameters 
(3/4-depth vee).
It is likely that using full depth vees will reduce 
the detrimental effect of loss in ductility experienced 
most noticeably above the vee apex of a 3/4-depth vee. It 
has been concluded from the damaged beams as well as the 
damaged plates that full-depth vees do not cause any more 
shortening than 3/4-depth vees. Shortening in Category W 
beams can be predicted using the same equation used to 
predict shortening in plates. The shortening in the beams 
causes severe web buckling, and the buckling increases 
with each damage/repair cycle.
The following chapter presents the conclusions of the 
research presented in the preceding chapters. Included
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For the first time, extensive studies were conducted 
to study the effects of the heat straightening process on 
damaged steel specimens. Topics of study included plastic 
rotations, residual stress patterns, material properties, 
degree of damage, repetitive damage, and shortening. The 
various structural shapes studied were plates, angles, 
channels, and wide flange sections, some of which were 
subjected to various heating configurations. This chapter 
summarizes the important findings from this research.
Plastic Rotations
A new set of equations has been derived to predict 
plastic rotations in both plates and rolled shapes. These 
formulas were verified by a significant amount of new 
experimental data added to that previously available, 
especially for heavily damaged members. This effort 
represents the first time that a statistically significant 
number of heats has been applied and measurements recorded 
in the straightening of damaged members and is considered 
of major significance. Prior research has almost 
exclusively centered on applying heats to undamaged 
members and measuring the curving effect. While a fair 
amount of data has been generated in the past, the typical
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approach has been to heat many different specimens, but 
using only a few heats on each specimen (usually less than 
four). This approach does not reflect the actual heat 
straightening process where a minimum of 20 heats are 
typical and the total may reach 100. It also does not 
account for any effects of damage such as changed residual 
stress patterns.
The experimentally measured plastic rotations on 
damaged members typically averaged less than those on 
identical undamaged members. This behavior is explained 
by a trend where the first few heats tended to produce 
higher plastic rotations than those that followed. 
Obviously, the impact of these first heats on the average 
value is less as the number of heats are increased. The 
cause of the phenomenon is attributed to the residual 
stress patterns. These patterns do not stabilize until 
after the first few heats at which point the pattern tends 
to have a detrimental effect on the plastic rotations.
A second significant aspect of this study is that an 
analytical model was conceptualized and quantified for 
rolled shapes. The resulting formulas agree well with the 
experimental results and are suitable for design office 
use. Prior to this research, the only formulas available 
were developed for plates only. Past researchers have 
suggested that these plate equations also be used for 
rolled shapes. However, the experimental evidence showed 
that such equations were grossly inaccurate when applied
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to rolled shapes. The formulas developed here are 
rationally based and consistent with the concept that 
rolled shapes can be viewed as folded plates. If the 
shape is first unfolded, the heating pattern analyzed, and 
then the shape refolded, it becomes apparent that the 
plastic rotations are usually magnified over those 
computed using a plate formula.
Related to the above is a third significant aspect of 
this study: The development of a new formula for
computing the plastic rotations of plates. The rational 
basis for this formula is associated with the 
understanding that the primary strain during the 
application of a vee heat occurs in the central two-thirds 
area of the vee itself. The developed formula is suited 
for design office use and agrees well with most of the 
previously published data. It particularly reflects the 
behavior associated with plastic rotations when 
straightening damaged plates.
A summary of the basic equations for plates and 
rolled shapes are as follows:
For plates straightened about their major axis:
<> p = [0.5 + 0.00125(T-750) ] (0.9 + 3.4 M/Mp ) e p (T ) sin (0/3 )
For angles:
<t>a = <|>p [1 + 1/2 (ds ) (bs)/w2][i + 2(M/Mp) ]
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For channels and Category S wide flanges:
= ^wffs) = 4>p £ + 1/2 (ds )(bg)/w2]
For Category W wide flanges:
4»wf(w) = <t>p U  + 1/4 (ds ) (bs) /w2]
Residual Stresses
For the first time, residual stresses were 
experimentally determined in various vee-heated, undamaged 
and damaged plates, angles, channels, and wide flanges, 
using the sectioning method. For undamaged plates 
subjected to various load and depth ratios (4 heats each), 
stress distributions were found to be fairly consistent 
within a practical range of vee angles (20° through 60°). 
The patterns resembled in shape the normalized residual 
stress pattern found by Roeder's finite element computer 
program for single vee heats on undamaged plates. 
Compressive stresses near the flange tips averaged 100 
percent higher than commonly assumed stresses in 
structural plates.
Damaged plates experienced lower stresses than the 
undamaged plates though the pattern was similar. Degree 
of damage (strain) seemed to affect the stresses. It was 
observed that residual stresses were similar at different 
locations along a smooth curvature distribution 
(characteristic of large angles of damage), where the
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strains were quite large. At lower angles of damage, the 
residual stresses were highly variable at different 
locations along the yield zone, where curvature is also 
more variable. The number of heats applied to damaged 
plates did not seem to be a significant influencing factor 
on their residual stresses.
Residual stresses were found for both damaged and 
undamaged angles. The stress patterns were similar, 
regardless of the location of the stiffening element with 
respect to the vee apex. The similarity in stress 
patterns of damaged and undamaged specimens is probably 
one reason why the plastic rotations of both were similar.
Stresses in the undeformed Category W wide flange 
beams exhibited compressive stresses in most, if not all 
of both flanges, and tensile stresses in the central 
portion of the web. However, just the opposite was the 
case for the damaged Category W specimens, with tensile 
stresses throughout most of both flanges (some compressive 
stresses near the flange tips). The differences in the 
two patterns are probably one reason why plastic rotations 
in some of the undamaged beams were significantly higher 
than in the damaged specimens. Stresses in Category S 
beams (undamaged and damaged) resembled those for 
undamaged Category W beams in shape (though different in 
magnitude). Stresses in the damaged Category W specimens 
were different when compared to the undamaged specimens
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(again, probably a reason for differences in plastic 
rotations).
Material Properties
This study is one of the few cases where material 
properties were determined from tensile tests conducted on 
specimens taken from the damaged plates and damaged beams. 
The properties of yield stress, tensile strength, percent 
elongation, percent reduction in area, and modulus of 
elasticity were recorded. Specimens were taken from the 
top, middle, and bottom of the plates (one flange was used 
for the beams), and one specimen was taken from an 
unheated portion of the member.
Most of the plates exhibited similar material 
properties, with the properties being highly variable 
depending on their location within the particular plate.
In general, for the heated area there was an increase in 
yield stress, a decrease in percent elongation, and little 
change in tensile stress when compared to the unheated 
specimens. These changes were most significant at the top 
of the vee, and greatest in the case of a 3/4-depth vee.
As was shown in the repetitively damaged beams, the 
same effects on the material properties occurred, and 
these effects were magnified each time a beam went through 
the damage/repair cycle. The extreme losses in ductility 
after two cycles lead to the suggestion that members 
damaged more than twice should not be heat straightened.
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The cracking of a beam during its third repair cycle in a 
related field study verifies this conclusion.
Moduli of elasticity were also found to be quite 
variable in the heated portions of both the plates and the 
beams. In the plates, low values of E were found 
primarily at the open end of the vee. However, in the 
beams, the lowest values of E (in some cases they were not 
too low) were found at the intersection of the flange and 
web. It is possible that in both cases, too much heat was 
experienced in these regions. However, it is also 
possible that some of the values simply represent normal 
scatter in E values.
Shortening
A plate that is damaged about its strong axis and 
straightened using vee heats will undergo some shortening. 
It was concluded from "before and after" measurements on 
several damaged plates and Category W beams that the use 
of depth ratios between 0.75 and 1.00 will result in 
similar amounts of shortening. In the W6x9 wide flange 
beams, the shortening caused the thin web to buckle. This 
buckling grew progressively worse after each damage/repair 
cycle. It is possible that this buckling might be 
prevented, and it might not be as severe in thicker webs. 
Regardless of web buckling, however, shortening itself 
might be a limiting factor on the use of heat 
straightening in some damage situations. A general
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formula was developed to predict shortening which applies 
to all sections:
S = 0.02 (w) ( <J) D )  (19)
where s is shortening in inches, w is the width or depth 
of the plate element that is being vee-heated, and <1>D is 
the angle of damage in degrees.
Significance of Results
The results of this study answered many questions 
concerning the actual repair of damaged steel that in past 
studies were ignored or only briefly addressed. Using the 
material developed here, an engineer can classify damage, 
and based on the classification, be able to predict: (1)
the number of heats required to straighten the damage, (2) 
the residual stresses resulting from the straightening,
(3) the amount of shortening that the member will 
experience as a result of the damage/repair cycle, and (4) 
the tensile properties of the material.
This study has pointed out several characteristics of 
heat-straightened steel that are entirely different in 
damaged specimens than for undamaged specimens. The 
undamaged studies, past and present, were useful, 
especially in determining changes in plastic rotations and 
residual stresses brought about by variations in heating 
parameters. However, this study indicates the importance 
of not assuming too much about the use of heat
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straightening, based on limited studies of undamaged
specimens.
Recommendations for Future Research
Many variables exist in actual damage situations, and 
heat straightening research, in a scientific sense, is 
relatively new. Therefore, there is no doubt that in the 
future, more developments will be made to contribute to 
existing knowledge of heat straightening. For example, 
research is currently being conducted at Louisiana State 
University on full-scale simulated bridge girders, 
including composite members, and the effects of axial 
loads. In light of the research conducted here the 
following recommendations are given:
1. Through the understanding of the relationship 
between plastic rotations in plates to those of various, 
more complex shapes, current heating patterns may require 
modification to increase plastic rotations in these 
shapes. Also, the out-of-plane movements experienced in 
angles probably could be prevented with the use of some 
form of modified heating pattern. It is recommended that 
a comprehensive study be undertaken to determine the most 
effective heating patterns for common damage situations.
2. Often, damage is more involved than simple 
bending about a single axis. Twisting, as well as 
localized buckling of structural components, can occur.
For these cases, it is recommended that residual stresses,
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material properties, and plastic rotations resulting from 
heat straightening be measured. Field measurements of 
actual structures would be particularly helpful.
3. The effect of fatigue life for heat-straightened 
members is still an unknown quantity. It is recommended 
that a comprehensive study be conducted to assess the 
fatigue life and fracture characteristics of damaged steel 
repaired by heat straightening.
4. In order to further verify the analytical models 
developed here, it is recommended that additional 
measurements of plastic rotations be taken on angles, wide 
flanges and channels of different sizes.
5. There are indications that high load ratios may 
result in fracture during heat straightening, particularly 
if damage is severe or repetitive. It is recommended that 
a test series be conducted to determine the possible 
effects of high load ratios.
Recommendations for Applying Heat Straightening in Practice
1. The same damaged areas should not be repaired by
heat straightening more than twice.
2. Where practical, full-depth vee heats are 
preferable to 3/4-depth vee heats. The effects on 
material properties are less severe, and axial shortening 
is no larger than for partial depth vees.
3. The angle of damage, <J)D , rather than radius of
curvature is the best measure of degree of damage.
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4. The formulas given here for computing plastic
rotations should be used in determining the number of 
heats required to straighten a given angle of damage. The 
number of heats, n, required to repair a damaged member 
can be computed by
n = <l>D/<t>
where is the angle of damage, and <|) is the plastic
rotation from one vee heat.
5. The residual stresses in heat straightened steel
are typically larger than normally found in undamaged 
steel. This phenomenon could result in a somewhat reduced 
capacity for some column types. However, the residual 
stress values are no larger than those of welded built-up 
sections. Therefore, the current AISC (1986) design curve 
(a single column curve) is applicable for computing 
capacity after heat straightening. For codes where 
multiple column curves have been adopted, the heat 
straightened column should be in the same category as 
welded built-up members.
6. Heat straightening can be applied to degrees of 
damage having strains up to 100 times the yield strain.
7. Material properties of heavily damaged steel 
(around 100 times yield strain) after heat straightening 
were approximately the same as those of undamaged steel 
and less damaged steel (around 30 times yield). This 
research indicates no justification for limiting the
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amount of damage that can be repaired in fracture critical 
areas.
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Figure A 8 . Stresses in Plate VI-12 (82° vee, M/Mp =0.00, depth ratio=0.75)
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APPENDIX II 
PLASTIC ROTATIONS (DAMAGED PLATES)
209
210
Plastic Rotations in milliradians:
Plate XXV-3
1 6 .381 2 4.717
5 4 . 205 6 6 .143
9 4 .283 10 7 .790
13 10.497 14 4 .183
17 3 .594 18 4.364
21 7 . 289 22 3.465
Plate XXV-5
1 7.049 2 7 .072
5 8.351 6 6.934
9 6.243 10 6.273
13 8.100
Plate XXV-6
1 15.977 2 16 .687
5 7.882 6 7 .071
9 6.322 10 6 .479
13 4.671 14 9.984
17 5.840 18 5.781
21 2.253 22 2.023
25 5.791 26 5 .282
29 4.494 30 2.384
33 3.400 34 2 .955
3 -0.224 4 4 .015
7 1.417 8 3 .434
11 5.619 12 5.000
15 4 .353 16 5.408
19 2 .485 20 3 .615
23 4 .460
3 8.532 4 3 .945
7 5.731 8 6 .951
11 7 . 254 12 7 .794
3 5.350 4 8.627
7 3 .348 8 5 .349
11 6 .467 12 4.591
15 3.996 16 6.108
19 5.113 20 3 .686
23 4 . 276 24 4.242
27 6 .003 28 1.684





1 6 .632 2 8.064
5 2.574 6 2.935
9 6 .644 10 6.228
13 7 .940 14 5.368
17 2.910 18 11.558
21 3.926 22 2.001
25 5.226 26 4 .931
29 3.302 30 3.859
33 5.937 34 4 .372
37 4.759 38 5 .472
41 3.366 42 5 .850
45 4 .607 4b 2.876
49 6 .330 50 6 .231
53 9 .332 54 4.379
57 4.560 58 8.455
Plate: XXV-8
1 7.795 2 4 .465
5 8.042 6 5.528
9 5 .700 10 5.611
13 4.528 14 5 . 359
17 6.170 18 -0 .820
21 2 .625
milliradians:
3 8.255 4 8.127
7 5.900 8 8.000
11 2.870 12 3.225
15 3.950 16 7 .479
19 12.121 20 7 .181
23 4.266 24 4 .327
27 1.980 28 4.725
31 4.412 32 3.762
35 1.911 36 5.289
39 10.323 40 8.300
43 10.552 44 4 .477
47 5.608 48 10.254
51 2.524 52 5.923
55 2.545 56 3.240
3 4 .451 4 4.317
7 4 .140 8 5.580
11 6 .457 12 2 . 624
15 4 . 579 16 3 .920






































Plastic Rotations in milliradians:
Plate XXV-4
P.R. Ht # P.R. Ht # P.R.
2 . 506 36 6.036 71 7 .490
9.638 37 3 . 003 72 4 .359
-3.984 38 4.250 73 3.682
10.555 39 2.330 74 3.982
5.475 40 5 .980 75 1.441
-3 .768 41 0.241 76 1.924
2 . 839 42 5.465 77 4 .173
3 .582 43 1.544 78 2.453
4 . 101 44 3.875 79 2.329
7 .883 45 0.350 80 4 .120
3.604 46 8. 535 81 3 .817
3 .516 47 7 .337 82 3.418
4 . 204 48 5 . 046 83 3 . 628
6.636 49 4.024 84 1. 048
4.578 50 1.812 85 2.915
2 .498 51 1.675 86 1 .428
5 . 109 52 2 .489 87 9 . 952
2 .330 53 3 .156 88 7 .757
2 .436 54 3.350 89 -0.180
4 .782 55 2 .434 90 4 .741
7 .160 56 3.079 91 2.613
1 .046 57 3.025 92 0.839
2 . 556 58 2.907 93 6. 156
5.015 59 1.147 94 3 .803
-0.233 60 4.342 95 3.508
3 .695 61 3.803 96 5.638
9 .314 62 6. 164 97 1 .165
14 .585 63 1.878 98 2.699
5.270 64 4 . 542 99 0.895
6 .704 65 4.057 100 1.505
3.811 66 5.167 101 0.735
4.972 67 3.622 102 1.695
3.692 68 3.981 103 1.830
3 .277 69 2 .314 104 2.070
5 .112 70 3.679 105 4.620
------------ — ------------ 106 9.675
213
Plastic Rotations (milliradians)
Plates: XXV-9 XXV-10 XXV-11 XXV-12
Ht # P.R. P.R. P.R. P.R.
1 4 .137 2.286 5.404 5 .808
2 4 . 239 3 . 527 18.663* 5 .074
3 3.538 2.508 -8.177* 4 .799
4 1.492 2 .749 4 .585 2 . 530
5 2.044 1.993 2.928 5 .414
6 4 .630 2.795 4 .228 6.595
7 -0.073 3.813 6.870 2 . 279
8 3 .396 1 .672 2.351 5 .195
9 1.641 1. 815 4 .418 3 .440
10 2 .072 2.324 2.996 3.891
11 3 . 595 1.420 5 . 294 4.925
12 2 .167 0.763 3.434 0 . 793
13 1.993 3.060 2.335 2 . 092
14 2 .480 1 .734 1.822 4 .728
15 1.499 0.602 7.941 4 . 853
16 2 .842 2 .676 3.546 6 .636
17 0.531 2 . 868 1.707 4.380
18 4 .071 1 .653 5 .426 4 . 766
19 0.375 0.279 2 . 971 -1.825
20 2 .592 3 .449 4 .286 8.325
*Error in measurement between these two heats.
Note: The heating temperature for plates XXV-9 through
XXV-12 was 1100°F.
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Figure A 9 . Stresses in Plate XXV-3 (45° vee, M/Md =0
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Figure A10. Stresses in Plate XXV-3 (45° vee, M/Mp=0.25, depth ratio=1.00,
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Figure All. Stresses in Plate XXV-4 (45° vee, M/Mp =0.25, depth ratio=1.00,
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Figure A13. Stresses in Plate XXV-5 (45° vee, M/Mp =0.50, depth ratio=1.00,











o 30 -20 -10 0 10 20
Residual Stress  (KSI)
40 50
Figure A14. Stresses in Plate XXV-5 (4 5° vee, M/Mp =0.50, depth ratio=1.00,
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Figure A15. Stresses in Plate XXV-6 (45° vee, M/MD =0.50, depth ratio=1.00,
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Figure A16. Stresses in Plate XXV-6 (45° vee, M/Mp=0.50, depth ratio=1.00,
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Figure A17. Stresses in Plate XXV-7 (45° vee, M/Mp =0.33, depth ratio=1.00,
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Figure A18. Stresses in Plate XXV-7 (45° vee, M/Mp =0.33, depth ratio=1.00, 
Angle of Damage = 18.77°, using E from tensile test results)
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APPENDIX IV 
PLATE THICKNESSES* (AFTER REPAIR)






















Thickness (inches) at Location:
aa a b c d e ee
0 .495 0,.504 0,. 513 0.,520 0,.513 0.,506 0.,495
0 .495 0,. 502 0,.505 0,.523 0 .503 0,.500 0,.495
0,.495 0,.501 0 .506 0., 532 0.,503 0.,505 0.,495
0,.495 0,.507 0..518 0.. 543 0,.507 0,.502 0,.495
0,,495 0., 507 0., 524 0. 538 0 .,512 0 .500 0.,495
0,.495 0,. 503 0 .523 0..532 0 ,.516 0,.498 0.,495
0.,495 0..503 0., 519 0. 535 0. 510 0.,498 0.,495
0,.495 0,, 503 0.,517 0..538 0,.510 0,.500 0.,495
Plate XXV-4
Thickness (inches) at Location:
aa a b c d e ee
0 ,.495 0,, 516 0,. 536 0,.630 0.,538 0,.517 0,.495
0 .495 0 .525 0 . 542 0 .679 0,.532 0 . 520 0 .495
0..495 0.,525 0., 539 0.,692 0. 524 0.,525 0..495
0,.495 0,.526 0,.590 0,.690 0,.560 0,.538 0,.495
0.,495 0.,519 0., 599 0.,677 0. 557 0.,521 0,,495
0,.495 0,.507 0,.588 0,.654 0,.576 0,.515 0,.495
0,,495 0., 501 0., 563 0.,621 0. 554 0., 502 0.,495
0,.495 0,.499 0,.551 0,.602 0..532 0,.497 0,.495
227
Plate XXV-5
Thickness (inches) at Location:
Strip aa a b c d e ee
1 0.495 0.510 0.514 0.490 0.512 0.505 0.495
2 0.495 0.504 0.510 0.498 0.509 0.503 0.495
3 0.495 0 . 502 0.505 0. 513 0.504 0.500 0.495
4 0 .495 0.500 0.506 0.517 0.503 0.499 0.495
5 0.495 0.499 0.514 0.514 0.505 0.495 0.495
6 0 .495 0.496 0.511 0.516 0 . 505 0.495 0.495
7 0 . 495 0 .494 0 . 508 0.522 0 . 504 0.501 0.495
8 0.495 0.500 0.509 0.522 0 . 509 0.499 0.495
Plate XXV-6
Thickness (inches) at Location:
Strip aa a b c d e ee
1 0.495 0.511 0.521 0 .481 0 . 522 0 . 506 0 .495
2 0.495 0.516 0.522 0.521 0.523 0.515 0.495
3 0.495 0.518 0.520 0.545 0.521 0.517 0.495
4 0.495 0.522 0.530 0.561 0.533 0.522 0.495
5 0.495 0.516 0.534 0.556 0.527 0.520 0.495
6 0.495 0.510 0.545 0.530 0.528 0.511 0.495
7 0.495 0.506 0.549 0 . 556 0 . 534 0.510 0.495
8 0.495 0.497 0.537 0.533 0. 535 0.498 0.495
228
Plate XXV-7
Thickness (inches) at Location:
Strip aa a b c d e ee
1 0.495 0. 513 0.528 0.515 0.534 0.492 0.495
2 0.495 0.513 0.519 0. 573 0.519 0.505 0.495
3 0.495 0.512 0.524 0.599 0.515 0.511 0.495
4 0.495 0.518 0 . 557 0.603 0.521 0.520 0.495
5 0.495 0.512 0.568 0.588 0 .517 0.516 0.495
6 0.495 0.503 0.563 0. 582 0.521 0.512 0.495
7 0.495 0.499 0 . 542 0.581 0.519 0.509 0.495
8 0.495 0.487 0.523 0 . 548 0.505 0 .496 0.495
Plate XXV-8
Thickness (inches) at Location:
Strip aa a b c d e ee
1 0.495 0.501 0 . 506 0.507 0.505 0.500 0.495
2 0.495 0.499 0.502 0.502 0 .497 0.495 0.495
3 0.495 0.495 0.493 0.521 0.491 0.502 0.495
4 0.495 0.496 0.491 0. 524 0 .488 0.496 0.495
5 0.495 0.490 0.489 0.521 0.485 0.492 0 .495
6 0.495 0.489 0.488 0.518 0 .484 0 .492 0.495
7 0.495 0.495 0.503 0. 524 0.502 0.497 0.495
8 0.495 0.499 0.501 0.522 0.502 0.498 0.495
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PLASTIC ROTATIONS (DAMAGED WIDE FLANGES)
238
239
Plastic Rotations in milliradians:
First Repair Cycle Second Repair Cycle
Beam: XXI-1 XXI-2 XXI-3 XXI-4 XXI-2 XXI-3 XXI-4
Ht 1 10.97 12 .16 6 .15 10.39 11.93 10.23 9.84
2 4 .93 5.52 7.61 10.06 6.12 5.30 5.68
3 5 . 27 5 .88 5.70 8.00 5.16 4 . 92 6 .43
4 5 .18 5 .70 6.85 6.38 6.64 5.98 7 .80
5 7 .54 4 . 16 6.85 7 . 15 8.69 8.29 6 .18
6 7 . 53 6.45 7 .64 6.45 4.94 5.4 1.21*
7 8 .36 8.54 5.01 4.77 0.74 4.72 6.39
8 8 . 12 5.82 7 .40 6.84 6.52 5.76 7 .60
9 10.66 8.01 8.77 6.89 4.77 2 . 88 7 .00
10 7 .04 7.85 7 .34 6.41 5.73 5.92 5.65
11 5.52 6.35 7 .00 7 . 18 7 .76 7 . 16 6.64
12 7 .05 7 . 59 7 . 83 5.90 7 . 11 5 .76 5 .47
13 6.35 7 .97 6.35 4.46 7 .09 6 . 15 6 . 94
14 5.22 7 . 16 6 .46 4 .98 7 .34 5.47 5.72
15 3.38 6 . 17 5 .00 5 . 00 6 .35 5 . 20 5 . 18
16 6 . 15 4.03 5 . 50 4.82 6.44 5 . 70 6 .01
17 7 .12 3 .74 5 .45 3 .49 4 .64 4 .28 5 .70
18 2.75 4 . 19 5 . 52 5.25 4.82 4 .30 ----
19 0.43 4 .53 ---- ---- 5 .90 2.41 ----
20 6 . 67 3 . 81 ---- 6 .37 6.69 ----
21 ---- ---- ---- ---- 7 .39 4.30 ----
22 ---- ---- ---- ---- 5 . 20 4 .75 ____
23 _ mm mm ” 8.34
*Load applied after heat.
240
Plastic Rotations in milliradians:
3rd Repair Cycle 4th Repair Cycle 5th R.C
Beam: XXI-3 XXI-4 XXI-3 XXI-4 XXI-4
Ht 1 11.199 11.598 7 .158 9.941 10.214
2 4.693 6 .420 9.744 7.611 4.986
3 7 .794 7 .343 7 .120 10.086 7 .121
4 7 .348 2 . 898 2 . 292 6 .022 5.056
5 8.654 5.729 8.652 9.082 9 .217
6 7 .847 7 .618 8.812 8 .298 6 . 948
7 4 . 948 4 . 473 5.420 2.609 3 .126
8 5 .691 6 . 386 6 .928 8 .054 8.301
9 5 . 580 6.252 7.357 8.078 5.895
10 4 .478 4 .949 4.703 5 .176 2 .408
11 6 .437 7 .380 4 .321 3.872 5 . 199
12 5.875 5.468 4.276 4 .772 8.351
13 3.602 3 . 083 4.750 3 . 174 6.416
14 5.966 6 . 910 5.471 4 .480 6 .485
15 4 . 773 6.934 7.475 4.729 5.697
16 5.449 3.783 7 .769 3.310 3.761
17 5 .270 4 .503 1.013* 2 .162 5 .743
18 6 .621 5.990 7 .342 7 .634 4 . 775
19 5.450 4 .481 5 .000 6.374 1.194
20 -------------- 2.973 5.248 6.914 3 .311
21 7 .725 6.071 — — — — — 5 .000
*Load applied after heat.
241
Plastic Rotations in milliradians:
Beam XXI-4
6th Repair 7th Repair 8th Repair
Ht # 1 14.892 11.378 14.183
2 11.687 8.488 11.970
3 10.209 6.986 11.393
4 8.863 8.000 10.679
5 8. 753 9.757 9 .019
6 8.372 6.432 7 .604
7 9.545 10.911 8.349
8 8.533 4.050 11.435
9 4.729* 5 . 761 8.285
10 6.013 6.865 9.300
11 5.382* 7 .429* 7 .409
12 7 . 905 8.533 4 .054*
13 4.527* 6.440* 19 .457
14 ----- 6.193 -----
15 8.085
16 14.975
* These heats consisted of 1 vee only (All other heats on 
this page consisted of two vees). Two vees were used 
during the final three repairs of beam XXI-4 due to time 
constraints.
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Figure A 2 7 . Stresses in Beam XXI-1, Region B



























Figure A28. Stresses in Beam XXI-1, Region B (1 Damage/Repair
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Figure A29. Stresses in Beam XXI-2, Region B (2 Damage/Repair




Figure A30. Stresses in Beam XXI-2, Region B (2
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Figure A31. Stresses in Beam XXI-3, Region A (4 Damage/Repair
Cycles, assumed value of E = 29,000 ksi)
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Figure A32. Stresses in Beam XXI-3, Region B
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Figure A33. stresses in Beam XXI-3, Region B (4 Damage/Repair
Cycles, using E from tensile test results)
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Figure A34. Stresses in Beam XXI-3, Region C (4 Damage/Repair
Cycles, assumed value of E = 29,000 ksi)
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Figure A35. Stresses in Beam XXI-4, Region A (8 Damage/Repair
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Figure A3b. Stresses in Beam XXI-4, Region B (8 Damage/Repair
Cycles, assumed value of E = 29,000 ksi)











Figure A 3 7 . Stresses in Beam XXI-4, Region B
Cycles, using E from tensile test results) (8 Damage/Repair
253
Beam XXI-4 (Region C)
~ro
-co
-4 0 -2 0  0
Figure A38. Stresses in Beam XXI-4, Region C (8 Damage/Repair
Cycles, assumed value of E = 29,000 ksi)
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